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DIAGENESIS AND STRATIGRAPHY OF 
THE LISBURNE GROUP LIMESTONES OF THE 
SADLEROCHIT MOUNTAINS AND ADJACENT AREAS, 
NORTHEASTERN ALASKA 



By George V. Wood' and Augustus K. Akmstrong 



ABSI RAC t 

Four oompleto sections of the Mimimippian and Pentwylvanian 
limestones of the LtHburtir C.nxip m nr ur||incnl U> t.lr Siidlcrochit 
Mountains were snmpUnj ut 5- U> 10-loot mlervaJa ior peUographic 
siijrly TheSodlcrochit Mountamsarc shown tohaveheenalandmas* 
dur^n^: Merjunecian time and lo have lx-<-n subsequently submerKBd 
during' thf C'lu'slt-nan tr.uvi^Ti.-s.>^iiin '?/jnv \H' lU'pional transprps- 
iuon.-! iiiwi utcarrwl during Meromecian tiirif '/yme and al llu' 
iMginning of FVnnsylvanian (Zone 201 Unit' 

The Alapah Limeatonp iMiniiiisippian) hun a UoHnuatitly liiiHj-muJ 
matrix and in munv places is dcilcimitized towanl the top, whorcas the 
Wahoo LimesEtone iP<iiuiji>lvAniBn) i« dominatrtly n eramfrttme facie? 
Aith iiU.TK'ritnular »parry calcitc. The grains of the- linie!iti:.ne!< arc 
iikwiljf crutoidt, bryoroans, and pelecypods, topethi-r witii peJict.-. luul 
oulitcn. 'niodepositional environment raii>;tyj rnjn. supratidal toiiuh- 
tidal The peneaiaof theoolitp Kraiiw is (imusMxi ir particular detail, 
and It IS c-onolude^i Thmii n*<:iTit work the amino acid conter.t that 
biiK liciiiiral i'lf::u-n(-'; havn a large iniluence on their oriKin. 

TwophiiwHyl sparrr calcite ct-mentation occurred in the i;niinstonc 
fiK (h<j first phase is a frin^ie around theclastsand is free of iron, 
and tne sectind IiIUi the nmiaining intergranular spaces and is 

cnmmonly rich in iron, The dolomites are considered to be of early 
dia(;onotic origin. The coarse dolomite rhombt that occur as acces- 
sories in the grainatones are rich in iron and tend to be zoned. Thcsi- 
rhombs are prone to dedolomiti74ition- The dedolomitization proces^^ i!« 
not of recent origin, as demonatnitvd by poetdednlamitiMtiMi over- 
growths of iron-fVee dolomite. It 15 more likely to faamaennnddannc 

• period of emergence during Chesterian time. 

Two types of chert are distinguished: "matrix" chert and inlra- 
Itranular chert Ihc "matnx" chert is considsnxl to be of direct bngeiuc 
origin. The intragninular chert, usually restricted to the grainstone 
facies, formed within pelecypodahellaorcriiiQidplaitMkiy the reaction 
Ofsilica in the sea water with the organic tlMU* in UwMoclMt to form 

• short-lived organoMlicic acid. Thia add, in ttim, noetad with the 
calcite of the bioclast lo prwipitat* ailicB m ■ pwcwiwi bama. 

AnhydrUCi cttestiu. and barite have Imm identifled in tlie Lia- 
bume Ormp HlMtlonni of the subsintee, and thrir ananrintiim with 
algaJ mat* suggests that aabkha-^ypa atdioMBtatian of the pteaent- 
day Arabian Gulf is a dcpontigiMil nodal tor thcoe bodo. Marble 
iniariNddad witli mudtarad oodiiBontoiy HmoitBim in tiw woatam 
Sadleradiit Mamiwiia ia oaaaidarad ta lie a pnduct of dynamic 
I nilriclod lo tha aola of a ouiior Ihniat plala. 
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The fabrics common in the limestones of the Old Man Creek section 
are attributed t<i tiu-ntml altrration related to the Intrusion of the 
Mount Michelson piuton: the pluton , in turn, suggwts that thcgnnila 
is post-Pennsylvanian in age. 

Diagenetic modification of the Llibume Group limestones was 
nearly complete before the marbles, stylolites. and calcite- filled fra& 
tures imriMd. The rock fatirULx n tnain v irtually tho aaina (od^y. 

INTRODLCTiON 

The four outcrop sections of carbonate rocks from the 
Sadierochit Mountains and ac^aoent areas of the north- 
eastern Srgoks Bmgfi (fig. U.npnMnt most of the 
typiest rode types md •nviromnaits of dsposition of the 

Lisburne Group. We Iwlieve a study of the hi.story of 
sedimentation and diagenetic processes of these sec- 
tions will be applicable to most other outcrops of the 
Lisburne Group in the Brooks Range and in the aubeur- 
face of the North Slope. A detailed study of the sedimen- 
tation and (liagenesis gives one insight inlo the complex 
geologic histoiy of the Lisburne Group and facilitates 
the conatnietioo of UtiMtfaciM maips. The knowledge 

gained from this study is readily applicahlc in helping 
to predict the porosity trends in the Lisburne Group of 

the subsurftoe. 

PREVIOU.S WORK 

Schrader (1902) was the first to apply the name Lis- 
burne Ponnatioa to the eoiiionate rodu at Anaktuvuk 

River valley, which were incorrectly dated as Devonian. 
Later studies (Collier, 1906. p. 22 26i revealed the 
limestones to be Mississippian in age. In the Shainin 
Lake area (fig. 1), Bowsher and Dutro (1957, p. 3, 4, 6) 
recognised two new finmationa within the Lisbnnie, 
which they raised to group rank. The lower formation, 
the Wachsmuth Limestone, is divided into four infor- 
mal members and overlies the Kayak Shale The upper 
forniation, Alapah Limeatoine, overliss tlie Wachsmuth 
Limestone and has nine infbnnal membeis. The Alapah 

Limestone at its type locality is w infsirsd by Fleistaoana 
glacial gravel and alluvium. 

1 
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Brosge, Dutro, Mangus, and Reiser (1962) described 
the PaleoKoic sequwnoe in the eastern Brooks Rande. In 

this region they recognised three formations within the 
Lisbume Group: the Wachsmuth and Alapah Lime- 
stones and an overlying limestone that they named the 
Waboo Lameitoiie. They aasigned the Wahoo a Penn- 
sylvanianC?) and Permian age. 

Armstrong. Mamet, and Dutro (1970) and Mamct and 
Armstrong (19721 reported the Lisbume Group within 
the area of this study to be of Late Miasiasippian to 
Middle Pftnnaylvanian (Atokan) age. The age asaign- 
inentB are baaed on microfoBBil asaemblages. The cora) 
fauna, biostratigraphy, and paleoecology of the Wahoo 
Limestone in the Sadlerochit Mountains wm deticnbcd 
by Ann8brong(1973). 

Petnignphic studiea of the carbonate rocka of the 
Lisbume in the Endioott Mountains, central Brooks 
Range, were made by Krynine, Folk, and Ro-senfcld 
(1950) for the dolomites and Krynine and Folk (1950) 
for the Umeatonea. Aii]iatniing(1970b)|nibliBhed a dMUt 
report on the petrography of Missipsippian chert and 
dolomites from the Lisbume Group in the Killik 

Rivav-Mount Bopto Region, Brooka Range. 

ACKNOWLEDGMENTS 

The fieldwork Ibr this atudy waa done by Armstrong. 

\Vp wish to express our appreciation to I. L. Tailleur, the 
party chief, summer of 1968, and H. N. Reiser, the party 



ch ief, summen of 1969 and 1970, for their generosity in 
supporting the a tr a ttgr a phicatudiaa. We alao thank the 

Naval Arctic Research I.aboratnry (Barrow). Office of 
Naval Ilesearch, for their logiaticaJ support of fieldwork 
in the summers of 1968, 1969, and 1970. 

George Wood is responsible for the petrograpbic work 
and diagenetfc hUbmy. We thank the Chainnan of the 
British Petroleum Co., Ltd , for |)e rrn i.ision to carry out 
this study and to publish its conclusions Dr. P. E. Kent, 
P.R.S.. Aaaiatanft General Manager, Kxpluration, and 
Wflod'a colleaguaa at the Britiah Petroleum Research 
Centre have given eonalderable encouragement to the 
work. Dr. R. Walls and Mrs E A.^ton, in pjtrticular, are 
thanked for their help in interpreting the metamorphic 
fabrics. Professor B. L. Mamet of the Universite de 
Montreal determined the foraminiferal zonea in the 
stratigraphic sections. 

STl'DV MF.rHOD 

Thi.H Hludy is based on mea&ured tilruligraphic sec- 
tions from which lithologic and foraminiferal .iiamplea 
were collected at intervals of 5-10 feet Tbin SBCtiona 
were cut from the samples to determine the microfinail 

asfiemlihifio.^ and the carbonate petro>;raphy and mi- 
crolacies. Ur. B. L. Mamet identitieti the microfossils. 
and his microfossil zones are the basis for the regional 
stratigraphic correlations in this study. Detailed 
documentation of the microfossil zones used in the 
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stratigraphic section of this report can be found in Arm- 
Strong, Mamet, and Dutro (1970) and Mamet and Am- 
ftrong (1972). 

The carbonate rock classification used in this report is 
that of Dunham (1962) (table 1). The litbologic and 
pakontologfeqrmlMlsuMdintliiBnportanfll^^ in 
<igiirB24 

DESCRIPTION OF SECTIONS 

The four aectioos deacrtbad in datail in this paper (flg. 
2>. Plunge Creek, 70A-4/5; western SadleroehitMoun* 

tains, 69A-1; eastern Sadlcrochit Mountains, 
6SA-4A/4B; and Old Man Creek, 69A-4/4K, were sam- 
pled at 5- to 1 0-foot intervals. The detailed petrography, 
largely done by Wood, is based on thin-section study of 
these samples and is integrated with the field descrip- 
tions by Armstrong The overall percentage of major 
rock types in three of the sections is given in table 2; the 
Old Man Creek aeetion has heeo omitted becavne 
sporadic intense recrystallization has obliterated a 
large part of the original fabric. 

In general, there is a progressive west-east increase 
in the pnqwrtion of grainstonef and a related west-east 
decrease In the proportion of mud-eupported cariMmates 
(that is, wackestone and mudstonci. The proportion of 
dolomite has a stninfj; maximum in the Plunge Creek 
section, but it must he (xiinted out that the proportion of 
dolomite in Old Man Creek (42 percent) is even higher. 
Between 14 and 20 percent oTthe Hmeetone in the tlnve 
sections is dolomitii 

The sections are subdivided into units on the basis of 
their dominant iithologic characten, liut some of the 
subdivisions are rather arbitrary because of the mixing 
of rock types. The depths referred to are those of the 
total thickness of the Lisbvirne Group taken firom the 
base of the section and recorded on the right of the 
stratigraphic eoliunns in figure 2. 
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nh-^tB, rLUNCS CREEK 

The base of the Lisbume Group in the Plunge Creek 

section is taken arbitrarily where the carbonate content 
becomes dominant over the shale of the underlying 
Kayaki?! Shale. The Kayaki'') Shale is 1,290 feet thick 
aitd it rests on 30 feet of the Kekiktuk Conglomerate, 
which in turn rsets unconfiinnably on tilted Neruokpuk 
Formation 

The ba^al unit (0-330 11) of the Lisbume Group in this 
section is argillaceous and dolomitic wackestone and 
mudstone. The rock represents a continuation of the 
quiet open-water marine ssdimentatien that persisted 
durin^^ the deposition of the Kayak(?) Shale but differs 
by being dominated by carbonate. Foraminifera and 
finely comminuted crinoid debris are the domioailt 
faunal elements. The interrhombic spaces in the nMto- 
rodolomitee that conunonly occur within this unit are 
filled witli dark clay minerals, the residue after comple- 
tion of the dolomitization process. From 330 to 720 feet 
is a homogeneous unit composed mostly of macndolo- 
mite in which the rhembs are larger than 50 mio- 
rometres. 

In the interval 550 558 feet, which may be correla- 
tive with the interval 50-65 feet in the western Sad- 
lemdiit Mountains section (69A-1), the dokniite 



Taslk 1. — Ciasaificatton of carboHBle nckB occordtng to depoeitioaiU texture iOunham, 1962, p. II7\ 
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rfaomlw are etched and partly replaced by sparry calcite 
(dedolomitiaed). 

From 720 to 918 feet (fig 3) is a sequence of diverse 
rock types ranging from cnnuid bryozoan grainstone U> 
packstone with intervaU of macrodolomit«. Pellets and 
oolites also occur sporadically. The depositioDal envi* 
nninent probably was DMrginal botwoon the anm of 
shoal-carbonat-e deposition and the open platform. The 
intervals of macrodolomite contain evidence of twu gvn- 
eratioiitt of dolomite formation. The looed first-phase 
ihdoiDitee, sometimes io rich iron, are crosscut both by 
iron-poor aeoond-phase dolomite and by sparry calcite 



Above 918 feet is a unit of dolomitic wackeatone and 
paekatone with crinoid andbryoioaB debris (to l.lMft). 

MacrrxJolomite is predominant over the hasal 50 feet. 
Matrix chert is common, particularly in the upper 65 
feet. The chert contains as much as 40 percent of macro- 
aod micixMktlomite, often with individual rhombs in- 
tensely cerroded. The pnaence of Bhoate after sponge 
spicules SttSgMts that the dwrt is of direct biogenic 
ungin. 

In the interval 1.190^ 1 .630 feet macrodolomite is the 
dominant rock type and is regularly intercalated with 
dotemitie bryoaoan erinold wackestoBa and pM^stone. 
Bxoqit Ibr the change in the relaUve abundance of mae- 
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rodolomite, this interval is markedly similar to the 
lower unit (918-1,190 ft). Matrix chert is again common 
with microdolomite rhombs and ghosts after sponge 
spicules. Dolomite rhombs in the macrodolomite are 
commonly outlined by iron oxide. Crinoid debris in 
these rocks commonly has bent twin planes suggesting 
at least two phases of earth movement. 

From 1.630 to 1,880 feet the rock is uniform bryozoan 
crinoid packstone containing as much as 30 percent 
intergranular dolomite in the carbonate mud. The 
upper 55 feet is macrodolomite with remains of 
br>-o7.oan debris still preserved in calcite. The deposi- 
tional environment of this unit was probably an open- 
water platform beyond the zone of water agitation, but 
the occurrence at 1.880 feet of polycrystalline quartz 
preserved with the external morphology of an anhydrite 
nodule suggests that the macrodolomite in the interval 
1.825-1,880 feet may have been deposited in an 
intratidal/supratidal environment. 

Above 1,800 feet (fig. 4), and persisting to the top of 
the section at 2,505 feet, is a homogeneous unit of grain- 
stone in which all the intergranular space is occupied by 
sparry calcite cement. 

Coarse-grained bryozoan and crinoid debris is the 
dominant clastic element, but sporadic intervals of ool- 
ites or pellets also occur. Intragranular chert is com- 
monly nucleated within crinoid plates, in contrast to the 
dominant matrix chert in the interval 91H-l.fi.'50 feet. 



The depositional environment of this unit was probably 
shoals of bioclastic debris from which all available car- 
bonate mud had been winnowed. 



69A I, WESTERN SADLEROCHIT MOUNTAINS 

The lowermost 50 feet of this section, which consists 
of shales with limestone lenses, has been questionably 
assigned to the Kayak Shale unconformably overlying 
the tilted Katakturuk Dolomite of Devonian or older 
age. 

The lowermost limestone unit (0-65 fl). which con- 
sists of wackestone and packstone with fine-grained 
bioclastic debris dominated by crinoids. appears to be a 
continuation of the sedimentary pattern of the Kayak(?) 
Shale but with an almost total ab.sence<if clay minerals. 

The upper part of this unit is characterized by exten- 
sive early dedolomitization that may be evidence of 
emergence: this is discussed in detail in the section on 
diagenesis. From 65 to 470 feet the rock is largely 
sporadically dolomitized. medium-grained, bryozoan, 
crinoid, and pellet grainstonc with scattered oolitic 
layers. The rock types reflect a shallowing of the water, 
suggesting that water agitation was sufficient to re- 
move the bulk of the available carbonate mud to a 
quieter area. The environment was probably a shallow 
marme shelf with clumps of hryozoans and crinoids. 
Abundant fecal fx-lleLs suggest that the patches of car- 
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bonatc mud were subject to considerable bioturbation. 
The overlying rocks (470-770 ft) are dominantly pellet 
bryozoan packstone with scattered thin dolomite beds; 
three intervals contain as much as 20 percent 
fine-grained quartz. The dolomite rhombs, as at 593 
feet, commonly have an iron-rich core and an iron-free 
rim outlined in iron oxide. These rocks suggest a 
gradual reduction in the intcnjjity of wave agitation, 
probably in an environment protected from waves with 
restricted access to open water and with intense biotur- 
bation. 

From 770 to 1,070 feet wackestones become more 
abundant, although packstones are still common. 
Bryozoan debris and pellets are the dominant grains. 
There are sporadic dolomites, and a large proportion of 
the intergranular carbonate mud contains dolomite 
rhombs that are commonly outlined by iron oxides. In 
the lower part of this interval, the original dolomite 
rhomb outlines are preserved, but the centers are com- 
monly void. This interval represents a continuation of 
the protected environment suggested for the unit at 
470-770 feet but with an increase in salinity. 

At 1 ,070 feet there is a major change in rock type. 



Mineralogically , the rock is still calcite, but the original 
texture and nature of the grains have been obliterated 
by extensive mctamorphic recrystallization that pro- 
duced interpenetrating crystals. This rock must be re- 
ferred to a.s marble and is almost certainly a product of 
metamorphism along a thrust plane at 1,140 feet in the 
section. This probable plane of dislocation coincides 
with the top of a marked break of slope, and the upper 
limit of the marble coincides with the suggested base of 
the Wahoo Limestone at 1,140 feet (fig. 5). The 
metamorphism is restricted to the sole of the postulated 
thrust with the intensity decreasing downward. It is not 
known how much of the original section is repeated or 
missing as a result of this suggested structural discon- 
tinuity. The details of the metamorphic fabrics are de- 
scribed in the section on "Diagenesis." 

The basal rocks (1,140-1,325 ft) of the Wahoo Lime- 
stone are medium-grained bryozoan crinoid wackestone 
and jsackstones similar in type and depositional envi- 
ronment to the uppermost rocks of the Alapah Lime- 
stone (that is, from 770-1,070 ft), except that dolomite is 
almost totally absent. The uppermost rocks of the 
Wahoo Limestone are coarse-grained bryozoan crinoid 
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FicL'u 5 — Section 69A-I. wmtem Sadlerochit Mountaiiu. showing .xtratiKraphic foota|{e!> and contactH between Kavaki'.'i Shale. Ata- 
pah LimeitUtne, Wahcxj Limestune. and Sjidlt-nKhit FormutMin 7^>n<- iif nwUtmorphic marble and thriut fault are alMi shoM'n. 
View south. 



grainstones (1,325-1.450 ft) with a 45-foot-thick oolitic 
grainstone interval near the top of the Hection. This unit 
represents a strongly agitated open-shoal environment 
with banks of oolites. Any carbonate mud that may 
have been present has been winnowed from the place of 
deposition, and the debris is extremely well sorted. 

68A 4B, SUNSET PASS, 
EASTERN SADIXROCHIT MOUNTAINS 

The basal 7 feet of this section immediately overlying 
tilted shales and sandstones of the Neruokpuk Forma- 
tion consists of very coarse angular grains of quartz and 
chert cemented by sparry calcite. Hematite-rich clay 
laminae and size grading emphasize the layering. 
These rocks grade upward into pellet crinoid grain- 
stonett < 0-360 ft) with scattered layers of pack-sinnes and 
mudstone. Matrix chert (section on "Chert" t is common. 
The (act that carbonate mud is scattered throughout the 
grainstone suggests that the dominant depositional en- 
vironment was an open platform close to the lower I imit 
of wave agitation. Above 360 teet lup to 820 fl> the 
dominant rock type is macrodolomite wilh an inter- 



mediate interval of partly dolomitic grainstone (fig. 6i. 
Individual dolomite crystals are clear, anhedral, and 
commonly about 50 micrometres in size. Interrhombic 
chert and calcite are common. The preferential de- 
velopment of dolomite in fine-grained carbonate rock 
suggests that the original rock in this interval con- 
tained a high proportion of carbonate mud. Algal-mat 
sediments were recorded at 760 feel in this section by 
Armstrong and this fact .suggests that the dominant 
environment was intertidal to supratidal (Wood and 
Wolfe. 19691. 

From 820 to 1.332 feet the dominant rock type is 
partly dolomitized fine- to medium-grained grainstone 
with subordinate packstones. Bryozoans and crinoids 
are the dominant clastic elements in the lower part of 
this unit, which contains pellets, in the upper 240 feet. 
I At 1,130 feet, fine quartz grams are a common acces- 
I sory. Intragranular chert developed within crinoid 
' plates IS common. The dominant environment is an 
open marine shelf with Ihe peiiets representing the 
; products of bioturbation of carbonate mud. The huse of 
(his interval i820 ft) is taken as the ba.te dI the Wahoo 
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FlcL'HE G. — Outcrop or the LLiiburne (iroup on hilUide ejuit and opixwilc Ihv lini- or trtiwrw of eastern Sadlprochit Mountains Bcctiong 
(>HA--tA <1R. Thin lxHldcd diilfimitc near Iho tupof lhi> AUipiih Limostoni- forni» the rubbl('-covcr«l slope beneath the massive clifDi of 
WiiJino I.iniegttime. TVif Uipographic expretision of the Lisbume Group clearly reflects the different depoaitional environments in which the 
carhonat*- rocks formed. The Alapah Limestone is A30 feet thick. 



Limestone. The second-stage sparry calcite cement (see 
section on "Sparry Calcite Cement") of this interval is 
very rich in iron. 

From 1.332 to 1,562 feet the rock is mostly oolitic 
grainstonc with rare oolitic packtutunes. The individual 
oolites have well-developed core.'! of either bryozoan or 
crinoid debris with four to five thin oolitic layers. The 
oolites tend to be of medium to coarse sand size and are 
well sorted. This rock typo was probably deposited on an 
open-water marine bank, as shoals and dunes, in which 
inten.se water agitation was of sufficient strength to roll 
the bioclastic debris and allow concentric deposition of 
aragonite. The cores of these oolites range in shape from 
elongate to equidimen.sional, but it was obviously easier 
for oolite skins to develop on cquidimensional cores. 
Elongate grains with oolitic skins can be considered an 
mdex of extreme water agitation The rare o«)lii(' pack- 
stone.'J probably resulted from incorporation of oolites of | 
the banks int<i the adjacent and prolecled intershoal | 
carbonate mud. Chert is commonly developed within | 
crinoid plates, and the rare intergranular dolomite 



rhombs are edged with iron oxide. A slight modification 
of this oolitic horizon persists for 90 feet (1,562-1,652 
fl); the bioclastic debris tends to be coated by the crenu- 
lated encrusting algae Osagta rather than by oolitic 
layers. The depositional environment was probably 
very similar to that of the underlying oolitic grain- 
stones (Henbest. 1968). 

From 1.652 to 1.692 feet at the top of the section the 
faeies changes abruptly to pellet wackestone and pack- 
stone that is sporadically rich in both pyrite and sponge 
spicules. This rock type suggests a change in environ- 
ment to a restricted platform protected from the main 
oceanic circulation. This kind of environment accounts 
for a high reduction potential 

69A 4 4K. OLD MAN CREEK 

The Old Man Creek section is anomalous with regard 
li> both ihii kness and facie.s because of inlen.'se lectonit 
and probable tht-rmal metaniorphic erfi-ci.-i Tiw .section 
is onlv about 7 miles north of the Mount Michelson 
pluton of Mount Michelson. Sheared greenstones and 
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pyroclastic rocks that crop out in Old Man Creek are 
considered (Reiser, 1 970) to be pre-Missiasippian in age. 
In tlw sectioD on "Diagenesis," the cue tar a poat- 
Pennsylvanian age of the Mount Michclson pluton is 
argued on the basis of the grain fabrics of the Lisbume 
Group in Old Man Creek, some of which are attributed 
to thermal metamorphic affecta. Tha bouiuiaiy between 
the Lisbume Group and the o v e rlyin g Sadleroehit Fbi^ 
mation is almost certainly a thrust fault as shown by 
the strongly sheared fabric (see pi. 6, figs. 3, 4). 

The basal 290 feet of the section, probably separated 
fiNUB tha Nmiokpiik Fonnation by a fault, haa been 
aaaicned to the Kayak<?) Shale of the Endioott Group, 

but the basal 210 feet contains completely recrystal- 
lized marble with annealed fabrics, argillaceous 
laminae, and unaltered macrodolomitea. If the argu- 
ment for the thrust origin of the marble unit of section 
69A-1 (western Sadleroehit Mountains) holds, then this 
hi- i1 ini! I ijld well contain a series of thrust slices. 
The macrodoiomites of this interval show no teztural 
reapooae to thia auneated thruating, but ft to not neoBB- 
sary to postulate a posttectonic origin for the dolomite 
As discussed in the section on "Marble," dolomite has a 
higher fracture point and greater ductility than calcite, 
which allows caldte to fracture (and anneal) while 
dolomite is atill in the elaatie field. 

From the base of the Lisbume Group to 12.5 feet 
microdolomite is the dominant rock type with interca- 
lated intervale of unftanliAraua lime mudstone. These 
nicka nuy npnaent qrnflenetic dolomittsation of 
lagaonal carbonate muda. 

Above 12r> feet U> R30 fe^-t is a mixed association of 
dolomitic pellet packstone and grainstone with a high 
proportion of interbedded macrodolomite. Conunonly, 
the macrodolomite crystals (sometimes edged with iron 
oxide) are replaced by sparry calcite as a result of mar- 
ginal corrosion and spotty replacement within the 
ciystala. This partial dedolomitization is probably a 
reeponae to thermal metamorphtom; thia type of 
metamorphism is also emphasized throutrhovit thi.<; in- 
terval by intense interfingeringof the grain margins m 
the limestones. 

From 830 to 930 fieet is a thin interval of nondolomttic 
fine-grained crinoid wackeatone with aeattaved fine 
quartz grains An open-marine platfimn ia the most 
likely environment for this interval. 

From 940 to 1,032 feet is a homogeneous interval of 
microdolomite with aeveral calcite-filled veinlets. 
These iwln are commonly layered aa a reault of fer^ 
ruginous intergranular material that may lepreeent 
original algal-mat laminations. 

Above 1,060 feet to the top of the aection, the rock 
aasigned to the Wahoo Limestone prohaUy waadomin- 
antly an original crinoid grainstone. Grain twinning 



and interpenetration are ubiquitous and tend to obscure 
the original fabric. Dedolomitized rhombe edged with 
hroo ooride aMCOBUHon. 1b acattared heriaMiatiiafiMnia- 

tion of annealed calcit*, probably along minor thruat 
planes, has totally obliterated evidence of the original 
rock type. 

tNVntONMINTS OF DHPOSITION 

Depofiitional environments of the Lisbume Group 
(fig. 7) ranged from an openwater platform to shallow- 
water lime-sand shoals to areas of open and restricted 
platform with gradual increase in salinity related to 
partial separation from open marine eirrafation. This 
Hequence terminated with the int«rtidal-supratidal 
environment in which algal mats are a characteristic 
feature. The repvesentation of figure 7 ia no way 
' characteri7«8 a particular time interval. 

Figure 6 is an interpretation of the variation in depoa* 
itional environment of the four stratigraphic sections 
deaaribed in the previous section. Decisions regarding 
the aaaignment of a particular rock ^pe to a apeeifie 
depositional environment wore somewhat arbitrary, 
especially for the dolomites. If, for example, algal mats 
were observed in the field, an intertidal environment is 
infiBrred. but in the alieence of other evidence, a re- 
atricted platform environment ia indicated ibr dolomite 
units. The Alapah Limestone- Kay ak(?) Shale Ixjundary 
m section 70A-4 5 (Plunge Creek) occurs in Zone 13 of 
the Meramecian Series of the Upper Mississippian. The 
base of the two eectiana in the Sadleindiit Hiountaina ia 
in Zone 16 (Cheaterian Seriea): tliere it unoonfiinnably 
overlies Devonian or older rocks. Zone 14 is present in 
the Old Man Creek section. This variation in the nature 
and age of the base of the Alapah Limestone suggests 
that the Plunge Creek section lies in an area of conatant 
downwarp, subsequent to the transgression of the 
Kayak(?) .Shale which occurred probably during 
Meramecian time (< Zone 13). This Meramecian trans- 
greoa ion ia alao facerded in the Ikialqiuk aection 
(68A-1) (see fig. 2 for location). During Meramecian 
time the Sadleroehit Mountains wa^ an area of non- 
deposition; it was probably a land mass exposing both 
the Katakturuk Dolomite of Devonian or older age and 
aandatene and shales of the Neruokpuk Fonnation. A 

second transgression submerged the Sadleroehit high 
during Zone 16 of the Chtsterian Scries of Upper Mia- 
sisaippian. This transgression was probably gradual; it 
flooded the weatem Sadleroehit Mountains during the 
early part of Zone 16 and completely aulmiarged the 
high during the later part of Zone 16. The Old Man 
Creek area prabably was also submerged by the 
Meramecian transgression. 

Poaaible correlation linea (based on microfoeail aonea) 
betwe en the ibur aectiena are iUuatrated in figure 2. 
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Frcvn 7.— Generalized depoaitional environmenU oT the LUbunie Group, north flank, eastern Brooks Range. 



Durmg Zone 16 time in the three more westerly sec- 
tions, open-platform sedimentation was dominant, al- 
though shoals of oolites and biodasts w«r» duuraictem* 
tic in the western Sodleroebit Mounteins. Horimns of 
marked dedolomitization at 550 feet in the Plunge 
Cmek Miction and 65 feet in the western Sadlerochit 
Mountains during Zone 16i suggest that uplift could 
have brought tlie rocks within a sine of fresh water at 
this time. It is pomiUe that mora landward conditions 
(restricted platform or intcrtidal) pcrsister! ir ''m Old 
Man Creek area. Later in the Chealerian (post-Zone 16 ( 
a nuurkad regional regression occurred as suggested by 
the persistence of a restricted platfiurm environment at 
the top of the Alapah Limestone. This shallowing went 
a.^ far a.s int^rtidal condition.s in theaastoinSaidlaVOChit 
Mountains and Old Man Creek. 

The Hdrd legional tratttgreosfon traceable In the Sad- 
lerochit Mountain?! occurred at about the boundary of 
the Alapah and VVahoo Limestonee. Thi^ transgression 
is indicated by the abrupt change from a restricted 
platform environment of the upper Alapah Limestone 



to an open platform-shoal environment of the luwer 
Wahoo Limestone (Armstrong, 1973). Although figure 8 
shows that the plane of this transgression is not coind* 
dent with the boundary between tiie two formations. It 
must be rememberwl that this boundary was chosen in 
the field on the basis of a change of slope rather than on 
strictly lithologic characters. The plaiie of thJa PettMarl* 
vanian (MMTOwan) transgressioii probably ^ipnin- 
matae isocfanmeity better than the somewhat aibitraiy 
boundary between these two limestone formations. The 
rocks deposited during the Muirowan (Zone 20) were 
open-platform grainstone and packstones throughout 
the area, but at about the Morrowan-Atokan boundary 
there was a probable regre^ion, and shoal carbonate 
rocks igrain.stonosi became the dominant rock typo. 
Oolitic grainstones are common in the eastern Sad- 
lerodift Movntalttt, whereas oriliaai7 bioclastle graln- 

stones are dominant in the other sections. A.? in the 
other parts of the sections, the intergranular space of 
the grainstones has been completely obliterated by 
q>arry caldto cement. 
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•lOSTRATIGRAPHIC CORRELATION 

Detailed discussions and faunal lists for the bio- 
Stratigraphy of the Lisbume Group in Um northoastam 
Brooks Range have baon pnrTknialy publiahad, and 
these ({iscuBsiona and fkunal liats are noi repaaied in 

this report. 

Thangiaaal correlation chart (fig. 2) for the Lisbume 
Group and the correlation diagram for the aections dia> 
ciiBBed in this report (fig. 9) are based on B. L. Mamet's 

microfossil zones. Lists of the nik ro fossils for the east- 
ern Sadlerochit Mountaint» itection i>bA-4A^4B were 
published by Armstrong, Mamet, and Dutro ( 1970) and 
for the Plunge Creek 70A-4/5 and western Sadlerochit 
Mountains 69 A- 1 sections by Mamet and Armstrong 
(1972). The Old Man Creek (69A-4 4Ki .section ha.s been 
zoned by Mamet, and the microfossil lists are in manu- 
aeripi. Mkrofoaaila have proved to be the moat reltabte 

and efficipnt mean.'? of correlation within the I.t.sbumo 
Group and with the standard American and Eurasian 
type sections. 

The most conspicuous megafosaila on the outcrop are 
rugose corals. Annstning (1970a, 1972) analyeed the 
stratipraphic range of the lilhostrof ionoid roral*! and 
described parts of the fauna. He also (1973) described ; 



Wahoo Limestone corals of Atokan age, t heir j-nleopcol- 
ogy. and their regional distribution. In tue l.usbume 
Group, corals are relatively abundant in Meramecian 
and Atokan age beds but scarce in Oeagean and Chea- 
terian beds. Their stratigraphic range is generally 
longer than individual microfossil zones; individual 
species of corals generally range ilirough three or more 
microfossil zones. 

Mamet and Armstrong (1972) reported that at the 
Plunge Creek section the Kekiktuk Congtoraerate, 
which directly overlies the Neruokpuk Formation, is 
about 25 feet thiclt and is overlain by 1,293 teet of shales 
and argillaceous limestones of the Kayak (?) Shale. 
Mamet and Armstrong (1972) described a microfauna 
and corals of Zone 11, Meramecian, in the Kayak (?) 
Shale about 550 feet altovf the Neruokpuk. As shown in 
figure 2. the Kayak (?) Shale is thin in the Sadlerochit 
Mbotttaine, only about 80 fbet thick in the weetam 
Sadlerochit Mountjiins section, and absent from the 
eastern Sadlerochit Mountains section. There the 
Alapah Limestone of ChesteriHn age rests directly on 
the Neruokpuk Formation. In the Old Man Creek sec- 
tion to the southeast, the Kayak(?) Shale oontaina 
litho.strotionoid corals and microfossils of Zone 14. 
I Meramecian, and is at least 3UU feet thick. Here exact 
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thickness of the Kayaki?!i Shale is difficult to determine 
because of complex faulting at the base of the section. 

In the Sadlaroebit Mountains and adjacent areas, the 
Mississippian rock unconformably overlies rocks of De- 
vonian or older age. At the western Sadlerochit Moun- 
tains section, the 50 feet of Kayak 1? 1 Shale at the base nf 
the Carboniferoua aection unconformably overlies the 
Devonian or older Katakturuk Dolomite (Dittni, 1970). 
In thf> other three sections, Carbon iferf)ii.>; .'it rata overlie 
the Neruokpuk Formation, which is Precambrian, 
Cambrian, and pre-Mittinipfiian (Dutro and otheia, 
1972). 



Mamct idcntifii-c] a tran.sition Zone 121.3 Merame- 
cian microfauna at the base of the Alapah Liinetitone, 
Plunge Creek section (70A-4/5) (Mamet and Arm- 
strong, 1972). The base of the Alapah Limaatone in the 
western Sadlerochit Mountains 69A-1 section is low«r 
Chestcrian, Z<ine I61. and in the ea.stern SadU'nu'hit 
Mountains section it is Zone 16«, lower Che&terian. 
Southeast oftbe Sadlerodiit Mountains at the Old Man 
Cre*>k fipction <69A-4/4K), the basp of the Alapah 
Limt^tone is Zone 16i. The Wahoo Liniestonc, here of 
Pennsylvanian age, contains the youngest beds of the 
Liebume Group in the report area. In the Plunge Creek, 
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western Sadlerochit and eastc rr. Sadlerochit Mountaimt 
sectionB, the top of the Wahoo Limestone U Atokan in 
age, whMVM in tiw Old Man Cmk aoetion it ia 

Morrowan. 

In the area of this study, the lower (Penman) part of 
the Sadlerochit Formation unconformably overlies the 
Woboo LimeatODe. Detterman (1970) r«port«d that the 
faaal Bchooka Mnnber of tin Sadlarodiit Ftonnatkn 

contains a brach iopod fauna of lower Kazan i a n , ea rl i est 
Late Permian age. The unconformity represents a 
hiatus including Des Moinesian, Misj^ourian, and Vir- 
gilian (Ptonn^ylvanian), and Wolfcampian, Leooaidian, 
and fNMaibly loiwsr Guadalupian (Permian) time. The 
westward (binning of the Atokan carbonate rocks, in 
the Sadlerochit .Mountains Ifig. 2) and to the southeast 
at Old Man Creek, suggests differential eroaion, proba- 
bly owing to difTerential uplift previous to Sadlerochit 
Formation sedimentation. At many localities the high- 
est few feet of Atokan carbonate rocks show evidence of 
vadoae weathariog in the form of enlarged vertical 
joints Mid vagi thstaivfllM wMli a day aimilttr to terra 
rossa. The basal bods of the Fchooka Mcmh^T are con- 
glomerate or conglomeratic sand.stone formed partly by 
rounded chert and limestone pebbles and cobbles da- 
rived from the underlying Wahoo Limpntone. 

REGIONAL RELATIONS OF CARBONIFEROUS 
CARBONATE ROCKS IN THE 
SADLBRCtCHIT MOUNTAINS 

Carbonate rocks of the Lisbume Group in the Sad- 
lerochit Mountains and adjacent areas are part of the 
Carboniferous regional marine transgression of arctic 
Alaaka. Carixmifieroiia rock oatctop pattama in the 
Brooks Range are shown in figure 1 and in a regional 
correlation chart (fig. 9). Al.so .shown arc the significant 
exploration wells that have penetrated to the Devonian 
or older rocks. Brosg^, Dutro. Mangus, and Reiser 
(1962) defined the northward tiansgresaive nattire of 
the Liabume Group carbonate rocks in the central and 
eastern Brooks Range, These .studies were continued by 
Armstrong, Mamet, and Dutro (1970), Mamet and 
Armstrong (1972), and Armstrong (1974), who also de- 
lineated the Sadlerochit high that appears in part to 
parallel the present-day Sadlerochit and Shublik 
Mountains. 

Armstrong and Mamet (1970) recognised in the 
Philip Smith Monntaine and. from subsurihee data, the 

existence of a thicker accumulation of carbonate rock.s 
m a northeastem-aouthwestem trend. This negative 
area of thicker cariMnate rocks was named the Canning 




Fioina 10.— Lithofacie* map of nortlmisltm Alaska at tha and ef 

The residual ponitive area, tbe Sadlerochit high, was 
formed by Devonian carbonate rocks and the meta- 
morphoeod dastic rodu of the Neruokpuk FVmna* 
tion The Sadlerochit high was probably a major source 
area tor clastic material in the Kayak(?) Shale uf the 
region. It remained above sea level through Merame- 
cian time and was finally submerged in early Ghee* 
terian time (Zime 16t). The Cheaterian carbonate sedi- 



The northward marine Carboniferous transgression 

is shown in carbonate lithofacit s maps 'fi^. 10 and 111 
and diagrammatic reconstructed cross sections (fig. 12). 




• M 



Kicuaa U^-UUwfecH'* mtip uf nurtht><ua«m Aliaka near tbeender 

Cbeauirian time. 
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menta that overlapped the old Sodlerochit high were 
deposited in ehallow water. Amutrong (1973) reported 

that intertidal sedimentary structures such as algal 
mats, birdseye structures, and small lithodasts are 
common in the upper part of the Alapah Limcatooe in 
the Sadlerochit Mountains (fig. 2). 

The diagrammatic cross section (fig. 12) illustrates 
the northward traii^t^rc-s.sion in the Philip Smith 
Franklin Mountains and the onlap over the Sadlerochit 
high. 

The lithofacies mape shown in figures 10 and 11 in- 
corporate subsurface data from exploration wells on the 
North Slo|>e. Atlantic Richiield/Himible Prudhoe Bay 
State Well No. 1, near the axis of the Canning sag, has 
mora than 1.2S0 itet of ■hallow>water, open-platform 
Ctrtooate rocks that range from Chosterian fZone 16) to 
Atokan C2k)ne 21) age. The carbonate rocks are under- 
lain by about 650 feet of black and red sluile, siltstone, 
aandstone, and thin ooal seams that are prol>ably the 
Kayak(?) Shale. Wast of this well (fig. 1) the carbonate 
sections thin. The Union Oil Kookpuk No. 1 well has 
about 900 feet of Chesterian to Atokan age carbonate 
lOclcB, whereas to the north the Sinclair/British Pe- 
troleum Ck}lville No. 1 has only 300-400 feet of Mor- 
rowan and Atokan age carbonate rocks. Chesterian age 
scdimont.'i may be represented by about 400 feet of 
dark-gray to red siltstones, shales, and sandstones, 
wMdi overlie the pre^arbonitoous argillitea. Further 
west and south of Point Barrow (fig. 1) the United States 
Navy's wells — Barrow No. 3, Topagoruk, and East 
Topagoruk — are devoid of Carboniferous carbonate 
roclu, and aiwve tlie pre^arlMHufeious argillitea is a 
thin sequence of elastic shales and sandstone. These are 

unfossiliferoufi but may be of Carboniferous age. No 
deep tests have penetrated the Carboniferous section 
south of the Topagoruk well or wast of the Colville 
River. Thus, esoept for scant aeromagnetic and seismic 



data, little is known of the subsur&Ds carixmate strata 
in Naval Petroleum Reserve No. 4 or the area to tha 

west. Projection of Carboniferous outcrops from the De 
Long Mountains and Lisbume Hills into the subsurface 
(not shown in figs. 10 and 1 1) is comptieatad because fan 
both areas the Carboniferous rock expoeures are part of 
large-scale gravity-aUde tlirust sheets with dislocations 
of 60-70 miles in the De Long Momitaina (Martin, 
1970). 

GRAPHIC REGISTRY OF STRATIGRAPHIC 

SECTIONS 

The loeatioas of the atratigraphie sections described 

in thi.s report are shown in figures 13-16. Maps by 
Reiser, Dutro, Brosge, Armstrong, and Detterman 

(1970) and by Reiser, Brosg^, Dutro, and Detterman 

(1971) give detailed geologic settings for the sectioins. 

DIACENEas 

For the purpose of this paper, tiiiigf nesis includes all 
changes that sediments undergo from time of deposition 
until the present. One of these dianges is 
lithification — that is, tlie change from unconsolidated 
sediment to consolidated sediment by compaction, 
cementation, and pressure solution. .•\.s discussed by 
Purdy ( 1968) m his admirablesununary of environment 
tal factors, diagenesia has necessarily vsgue limits, md 
in this study even the localized products of metamor- 
phism along a thrust plane have been included within 
its realm. 

The importance of comparing unconsolidated sedi- 
ments with their recent lithifi^ counterparts is that 

proce^^se^^ active at the present time can be extrapnl.ited 
into the geological past. Although this is the standard 
procedureof geologic deduction, it must be remembered 
that variation in sea level in the Holooene. an important 
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fwrameter in oontrolUng changes in limMtone fabrics, 
is related to the melting of the Pleirtacene glaciers. So. 

at least a.=s far as carhofiate diagenesis is concerned, the 
present is not "the key to the past" but rather that "the 
present is the key to the Trtaaaic^l 

cAuan 

The study of calcitc fabrics ha.s prosed a fruitful 
method oi deciphering the geologic history of lime- 
atones. No longer are Umestoaes just limestones to most 
geologiBtB. Nearly all now appnciate the advantages of 
subdividing the various limestone rock types on an ob- 

jectivc ba.sis as has so universally been aecepttnl for the 
igneous rocks. In contrast to the subdivision of other 
major rock groups, nonrecent limestones are novir nearly 
moBominBralic, being composed of low-Mg calcite. Re- 
cant limestonea are composed of two distinct 
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Ficinti 14. — Location map v\ wi^tom Sodlerochit Mountajv 

^(■itinn 69A-1, Moun! MicheUon C-4 quadrangle. 

polymorphs of CaCO^ aamely calcite and aragonitc; the 
calcite occurs in both low^Mgand high-Mg forms, which 

co!il,.::i If 5 iMTCent and 1 1-19 percentMg in solid -solu- 
tion, respectively (Chave, 1954). Both aragonite and 
high-Mg calcite, the dominant modem carbon^ min- 
erals, are metastable under normal conditions, and it is 
the processes of conversion to stable low-Mg calcite, 
together with organic influences, that are largely re- 
i>ponsible for diversity of fabric typee in ancient lime- 
stones. 

The df.scription of limMtones best follows the major 
subdivision intc grams, matrix icarbonate mudj, and 
cement (sparry calcite) used for sandstones by Krynine 
(1941)). This primary subdivision then allows the use of 
either of the currently most popular and largely objeo* 
tive limestone classification, that is, Dunham i'l962) or 
Folk (1959). The Dunham classihcation is used 
throughout this report (as outlined in table 1) because of 
the genetic aiguifieance of mud-supported aa opposed to 
grain-Buppoited luneitoiiM. 
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e8A-4A Md 6BA-4B> MiMUt MIdMbHt C-1 
GRAINS 

The grains in the I-ishunif Group are largely of bio 
claatk origin (that is, crinoids and bryozoa) together 
with the 80'«aUed"iiM>rga]iic!''gniiiasiiehMpeU«to and 
oolites. 

TRINOtDS 

Crinoids are the dominant bioclastic element in the 
Lisbume Group, and although common throughout the 
section, they are preferentially developed in the grain- 
Stone intervals. The crinoid debris was originally com- 
poeed of high-ll^ calrite, ahhou^h Sdirooder, Dwoniik. 
and Papike ( ^ 9R9) have shown variations between 3 and 
43 mole percent oi Mg* in the akeieton. Individual 
grains are recognized by the rectangobr pattern of 
poree of the m^nee or by aaaeeatm unnfemnt of 
dtntjr indusioin in the ooiumnaU Rurroonded hy clear 
sparry calcite Although these individual grain.^ opti- 
cally act as a »ingie crystal, Nissen ll963i iiuggeBtcd 
that in reality the grains oonsiet of an agglomeration of 
individual crystale whoee e^sea are perfectly alined. 



• 


10 


n 

♦ 


11 


16 


» 




ia 


I) 






;8i*-« 

M 


21 




a 


IS 


33 









Tuw^ifiig and rangi; grid from 

U S Geological Surrey 1 :63jai. 
MLMfetakn a-1jlM 



16 — Location map of Old Man Ofi k «cttons, 
69A-4K. Mount Michelwm B-1 quadrangle. 



These "grains" have « spntgoUke structure with col- 
lagen fiben in the hdlowapacee (Nissen, 1969). The foot 

that the skeletal elements of recent crinoidis in high-Mg 
calcite, as well as ancient crinoid debris now preserved 
in low-Mgcalcite,opticallyactassingle crystals implifla 
that the mineralogical conversion takes place on a 
molecule for molecule basis without large-scale solu- 
tion. Bathurst 11971. p. 357 ' pointed out that low-Mg 
calcite is deposited in the pore spaces of the echinodemw 
at the same time as first-phase sparry calcite cement 
This cpmcntation occurs prior to the loss of Mg-" from 
the original high-Mg calcite. H. D. Winland loral cum- 
mun., 1970) considered it quite probable that the low- 
Mg calcite syntaidal overgrowth is formed while the 
eehinoderra nucleus is still high-Mg calcite. If, as seems 
probable, early cementation obliterates the intragranu- 
lur spaces, it follows thai nucleation of intragranular 
chert (see section on "Intragranular Chert") must have 
taken place prior to the fint piiase of cementation. 
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Evamy and Phearn.an : 1965) described the stages of 
^yntaxial development of sparry C8lcit« by tracing the 
v«riatioD of ferrous iron content. They showed that 
overgrowths developed preferentially in the direction of 
the c-axes of echinoderm fragments. In the Lisbume 
Group, however, no iron was found in the overgrowths. 
The ^taxial cement usually lacks foragn oiatter (pi. 
9, tg. 8); the eenwBtiinlMUj tNmd ntB g ra ii vly in 
9ptM made by poshing aside any Intwinunitar mai. 
nRVf>/OA 

Together with crinoid debris, bryozoan detritus is the 
moat common bioclastic element in the Lisburne Group, 
bfiamtrast to the olMmvatknisofOanes(1970, p 134) 
in Shark Bay, Western Atntralta, where bryozoans, 
al;'ii)U;-;!i a Lonimon member of the biota, are rare as 
fragments in the sand-size sediments, sand-size de- 
tritus of bryozoan fronds are abundant in the Lisbume 
Ocottp. Although racent biyozoans have either high-Mg 
ealcite or aragonite in their skeletons (Chave, 1954; 
Sandberg, 19711, in contrast to organisms like 
pakpypods, the skeletons appear to retain a large pro- 
portion offkbric dotail fhraugh gMlogie tinw (pL 2, fl|». 
1-5). The zooecia. the living spaces of the organisms, in 
the Lisbume Group are filled with either carbonate 
mud or sparry ealcite that is independent of the nature 
of the intergranular materiaL Reworking is probably 
indicatad where the sMweiaarslillod witli ealdte that is 
different from the intergranular material. In some Lis- 
bume Group samples (pi. 2, fig. 4), the nature of the 
intraaooecisil ealcite probably reflaets the hairit of the 
origin^ of^aiiie material. 

otrhi BiocLsanc urbbu 

Other bioclastic debria is rare in the LtobameOrotip 

jir.'i r-ftn-siqto mainly of pelecypod fragments fpl 1, fig. 6^ 
and rare solitary corals. These fragments almost invar- 
iably do not exhibit the details of the original 
shell— only the original outline is preserved in a dark 
thin outer aom that endosea an inftlling of sparry cat- 
cite cement. This change of texture is related to the 
solution of the original aragonitic shell and to the sub- 
sequent repradpitation of CaCQs as low-Mg ealcite. The 
darkotttar rim iagenarally considered (Bathurst, i97i, 
p. 833) to be a reaoK of the infilling of algal borings by 
carbonate mud ("micrite envelo(>e"i. The preservation 
of the cast of the original shell after solution and prior to 
fiompleitainllUlnghyapany ealcite, reveals the possible 
sequence of alteration of aragonite bioclast debris (fig. 
17). As recorded by Lofjan, Read, and Davies (1970, p. 62) 
in the Pleistocene CarblH Oolite of Shark Hay, Western 
Australia, "aragonitic fossils have been dissolved 1 
preferentiiBlly leading nwldic porosity, whereaa ealeitie 

skeletal material remain.s intact The mo!d.«! and intact 
fossils are set in a matrix of calcitic skeletal debris | 




Ficims 17. — ProbsUsasqiMnMofaltersAionofarago- 



which is cemented by sparry ealcite." Collapsed micrite 
envekipea have been reoordad (Bathunt, 1964), but 
quantitatively they are rare and have not been observed 

in tin T.Isl i-irne Group. 

Land (1967), as discussed in a later section, showed 
that thedepoeitionorearly-phaae sparry cement occurs, 
mostly as a fringe around the clastic grains, prior to the 
solution of the aragonite. It is then possible (see pi. 1 , fig. 
6) that the early cement fringe, together with the mic- 
rite envelope, makoa thg void that rasults after solutioa 
of the aragonite saiBeiently rigid to be preserved until it 
is subsequently infilled by the precipitation of sparry 
ealcite. Winland (1968) has shown that micrite en- 
velopes are sometimes originally composed of high-Mg 
ealcite, whereas Bathurst (1964) stated that an original 
aragonitie compoattion is more eomnon. Only rarely is 
the internal structure of originally aragonitie bioclasts 
preserved in low-Mg ealcite. In these bioclasts the 
change of CaC(^ polymorph has almost certainly taken 
place in solution and by immediate redapoaitiMt 
molecule by molecule. 

The original internal structure of fibrous pelecypods 
is, however, sometimes preserved in intragranular 
chert (see pi. 9, lig. 5), providing further evidence of the 
early nucleation of this type of chert The original 
chamberlets of the probable pelecypod are still outlined 
by dark inclusions; the pre.sence ofthese inchisions sug- 
gest that they are a remnant after solution of the origi- 
nal shell. 

Foraminifora ffnr convenience inchided as "bioclas- 
tic"/ occur more commonly toward the base of the 
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Btratigraphic section, especially where the rxxka are 
•haly. They also occur more rarely in the oolite grain- 
stones of the Wahoo Limestone, and their margim ap- 
pear to grade into intorgraiuilar sparry catcito etmaiit. 

OOLTTKS 

OaHte gralnatonee are the dominAiit rock type in the 

Wahoo Limestone of all four sections considered in this 
study. The individual oolil«jj show great variation in 
shape, and only very rarely do they approach the spher- 
ical ahape of t^ia ideal ooUte. The oolites have a weU- 
devatoped core, usually a bioelaat, while the ootitle akfai 
ranges in thickness from one to four distinct layers. The 
fabric of the individual oolite skins is both radial and 
tangential to the core, and only rare patches of the skin 
araeiyptocryilalUneealeite. The shape of an oolite is a 
fnnetion of the ahiqw of the bwdaatie ooret elongate 
around a pelecypod fragment but equidimensional 
around a crinoid plate. The thickness of oolitic skins is 
apparently independent of the shape of the core; in some 
samples (pi. 1, fig. 2) the thickest oolitic skin occurs 
around elongate bioelasts, while in others equidimen- 
sional gram:, | i -ess the thickest oolitic coating (pi. 1, 
fig. 3). The agglutinated foraminifer on plate 1, figure 3, 
fa the only grain In the field of view with no oolitk 
skin — probably because oolitic growth is diffir tilt nn a 
mineralogically heterogeneous base. In the samt- litj.d, 
the core of an oolite is occupied by a single coarse rhomb 
of dolomite that probably developed after the oolitic 
ooating. Some of the pelecjrpod bioclaats are now rep- 
resented by void filling calcite showing no original fab- 
ric. These biocla«t£ indicate solution of an unginaliy 
aragonitic shell, leaving a void that was subsequently 
infilled with spany calcite cement after the fiirmation of 
the oolite; the oolite itself was changed to calcite on a 
piecemeal basis. Compound l urli i pi ;h. 1' , originally 
in the form of detntai carbonate rock fragments, also 
occur (pi. 1, fig. 2). The encrusting algae Omgia is com- 
monly associated with the oolitic facies (pi. 10, figs. 3-5), 
emphasizing the influence of encrtisting organisms in 
highly agitated envirnnrTient.s, Tillman 11971) sug- 
gested that Osagia is not necessarily associated with 
shallow water. 

Origin of the oolite fabric. Modem oolites, as those 
currently being deposited on the Bahama Banks 
(Newell and others, I960) and the Trucial Coast of 
Arabia (Kendall and Skipwith. 1969), are composed of 
aragonite. Ancient oolitee have changed to calcite, the 
more stable form of CaCOi. This is true of the oolites in 
the Lisburne Group, but despite this change, the origi- 
nal tangential arrangement of individual crystals has 
survived. Shearmen, Twyman, and Zand Karimi (1970) 
have dearly ahewB that retentiaB of the original 
tangnitial fabric in oolites is related to tangential 
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crystals of aragonite in a diffutte matrix of organic 
mucilage separated by distinct concentric layers of 
mucilage. The transfi»rniatian of aragonite to low-Mg 
calcite appanntljr takes piaoe ill adutfam moleeularljr, 
and this process allows the fine detail of the concentric 
layers of mucilage to he preserved. The calcite tends to 
develop perpendicular to the surfaces of the concentric 
mucilage layers to form radial partitions with their 
c-axes parallel to their length, pushing aside Hie diflnae 
mucilage (see fig. 18). It therefore is obvious that the 
radial fabric so common in oolites is a diagenetic rather 
than a primary feature. The rare patches of cryptocrya- 
talline calcite are probably produced by local large- 
scale solution of am^nite; this process would leave the 
mucilage layers unsupported and permit their collapeSi 
or as suggested by Twyman (1970), the calcite may infill 
the cavities created by algal boring. 

Cemeritatian of oolites — As mentioned in the previ- 
ous section on depositional environments, oolites are 
formed by high-water energy on shoals or deltaic flats 
from wlUch available caibonate mud haa been win- 
nowed. This proeees implies that most oolitic rodca are 

of the grainstonc type with most of the intergranular 
space available for subsequent sparry calcite cementa- 
tion. The rarer specimens of oolites that are associated 
with carbonate mud have probably been moved from the 
site of their flmnation. Ilielr cementation history dif- 
fers little from other clastic grain ' it i \:itnples of 
oolitic skins detached from tlieir core (pi. 1, fig. 4) pro- 
vkle good evidence that compaction occurred befbre the 
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Concsmric laytn Cslcite cfystiK 

of IWeilltS Dush d'Huse 

mucilage asidt 
to form radial 
partiiioni 

Ficim IB. — Diagram showing the alteration fmnt tangcntially 
arranged aragonite cryslala to radially arranged calcite cryatols 
within tha coofiantrie mucilagiiMHis layer* of an oolite (fmn 
aiHnMBaii!iilliin.l«70b 
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major second phase of cementation. The original core is 
outlinad by fint-phaM qianry calcite oystals with 
e-axM at right anglw to the inna* ■nifhm €f the oolite 
skin. Displacement of the r.nhtr skin from the core tfnk ' 
place along two planes of movement, probably the result 
of oompaction. The newly formed void a4iacent to the 
original oon and the remainder of the core itself were 
later filled with eqaant aeeood-phaae sparry calcite ce- 
ment. As with simitar examples described by Shear- 
man, Khouri, and Taha (1961) from the Jurassic lime- 
etooee of the French Jura, early-phase cement is poor in 
iron and is related to the arapmite-low-Mg calcite 
transition, but the second-phaee oement ie rich In iron. 

Mechanitm qf oolite formation. — ^The mechanism of 
oolite fonnatioB ie still a matter of dispute* hut the 
presence of an organic matrix in oolitas rimilar to that, 
for example, in ;)elecypc>d sheila au ggnats that It ia not a 
purely inorganic process. 

The classical hypothesis for the development of oo- 
lites is the snowball mechanini, described by Sorby as 
early as 1879, which invdveathe aeeration of aragonite 
needles on a nucleus in shallow sea water super- 
saturated with CaCOk, which, as a result of constant 
rolling, would allow the development of eonoentric 
layers. This theory discounts any influence of the or- 
ganic matrix in oolitic development, and in addition. 
Donahue (19€5) has tJoi'ited out that the highly 
polished outer surface of growing oolites is diificult to 
reooBcile with a hypothesis of mechanical aeention. 
Twyman (1970) stated that "the high degree nf surface 
lustre of oolites is not necessarily due to abrasion. It 
seems rather more likely that the thin skin of organic 
matter which cha r a c t e ristically coats nearly all oolite 
grains in the Al Bahrani delta of Abu Dhabi acts lilce a 
coat of varnish t n ikf the oolite grains shiny." 

The similarity between the nature of the organic con- 
tent of calcium carbonate skeletons of invertebrates and 
oolites is the clue to the biochemical origin of the origi- 
nal oolitic aragonite. Simkiss (1964) and Kitano and 
Hood n9fi.5) have shown that the nature of the organic | 
matrix is the main influence on the calcium carbonate 
polymorph fimned during constmction of the sholL This 
matrix is composed of a peptide-polysaccharide complex 
that "provides nucleating sites for CaCOtt either by act- 
ing as a template for epitaxial nucleation or by its abil- 
ity to attract the appropriate inorganic ions electrostat- 
ically" (Mitterv. 1971. after WUhnr and Snnkiss. 
1968). Although epitaxis is probably the dominant 
mechanism of test or skeleton construction in CaCOa, 
Blow and Broolcs (1976) consider that a nonepitaxial 
mechanism, whereby the formation of largely organic 
colloid cyatems may act to concentrate CaCOk on 
micelle structures (Duck, 1966), may be more approp- 
riate for some Foraminifera. Mitterer (1971) illustrated 



a series ofamino acid chn)matograms of the chlorophyte 
alga Halimeda, three mollusks, and two specimens of 
modem ooUtea (all of which are originally aragonitic). 
Not only is the amount of protein in thf* nnlitrs of the 
i+ame order of magnitude as that of the iLullaaks (2-4 
micromoles per gram of CaCCb), but there is also a 
remarkable similarity in the overall chromatograph 
pattern. Aspartic acid, glycine, alanine, leucine, and 
lycine are the dominant amino acids in the algae, mol- 
lusks, and o<jlite8. t'nforlunately, Mitterer (1971) does 
not refer to the sampling location of the algae and mol- 
lusks, and therefore the possibility that the distribution 
ofamino aeidta is related to the environment rather than 

to the species indef>endent of environrr.i iit cannot be 
completely discounted. The above argument, especially 
in view of the evidence that calcium carbonate does not 
precipitate inorganically on coated grains (Chave and 
Suess, 1967) suggests that the origin of oolites has a 
large biochemical element. Mitterer il971i, however, 
has pointed out that if the argument is taken further, 
oolites would be expected wherever organically coated 
grains occur in water supeT-^rtrnrnted with CnCOs. This 
does not agree with the tacts. Further work on the 
distribution of organic matter in carbonate shoal areas 
is neceesaiy before this question can be completely re- 
solvad, 

PELLETS 

The pellets in the Lisbume Group are well distri- 
buted throu^ut the Alapah Limestone but are rare in 
tlie Wahoo Limestone, hi general, pellets are concen- 
trated in wackestone and packstone rock types and 
occur only sporadically in grainstones. The pellets are 
homogeneous in internal fabric, and their well-rounded 
outlines tend to be preserved. There is no evidence to 
suggest that the pellets are anythmg but ftcal remains. 
But no trass rsmainsoftlieoiganisms that pmdueed the 
pellets. 

Cement is defined as an intergranular material in- 
troduoed into the rock as a precipitate from interstratal 

solution, and it is not the product of clastic sedimenta- 
tion. To provide for the introduction of cement, it is 
necessary to have a framework that will preserve void 
spaces prior to cementation. The most common 
framework in carbonate rodts is a grahiHmitaet Ihbric, 
that is, gra!n.«t/itie of Dunham (1962), where inter- 
granular carlxmale mud is almost absent. Another 
framework that permits the introduction of cement is 
an already lithified cartxmate rock from which the move 
sol uble mineral has been taken into aolutioo, for aam- 
ple, voids after aragonite shells in a calcite lUMtorVOidi 
after calcite clasts in a dolomite host. 
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SPARRY CAtXrre CEMENT 

Primary pore space, that is, inttirgranular spacp, is 
afaeent from Uw Liabume Group. In grain-contact rocks, 
where tiiefe ii little or no carbonate mud; the potential 
pore space has, without exception, been obliterated by 
sparry calcite cement. In mud-supported rocks, sparry 
calcito cement exists only as a void filling after solution 
of originally aragonitic shells. Winnowing in a high- 
energy environment allowB flie a¥ailable caitonate 
mud to be removed to a lower energy environment 

The distribution of sparry calcite cement in the gram- 
stones of the Lisbume Group is discussed in the section 
"EnviraaraentB of DepoBition." The depoeitional envi- 
ronment of the cemented graiootmuw is coneiderad to 
have been a shallow-water shoal Grainstones, except 
for a 400-foot interval toward the bas*; of the western 
Sadlerochit Mountains section (69A-1), are rare in the 
Alapah Limeatone. In the Wahoo Limeetone, however, 
completely cemented grainstones (often oolitic) are the 
dominant rock type. Two di.stinct phase.s of sparry cal- 
cite cement are apparent in the Lisbume Group, i'he 
flnt-phase cement (bmu a thin fringe of relatively con- 
stant thickness ( -30^m) around the clastic carbonate 
grains (see pi. 1, figs. 1-6) with stubby crystals with 
pyramidal lerniinationK ^^rowing at right angles to the 
grain margins or as syntaxial overgrowths on 
echinodemw. In recent limestones these early fringes 

are part of Stage IT of l^and's six stages of cementation 
(Land and others, 1967), usually formed by meteoric 
water abcive the water table (that is, vadose zonei The 
nature of the fringe cement in recent grainstones ap- 
pears to be a fimeUon of access to salt water. In the 
intertidal lone the beach rock cement is either arago- 
nite or high-Mg calcite, wltereas away from the marine 
influence, the meteoric environment produces a low-Mg 
calcite (Huge cement (Bathurst, 1971, p. 368). 

Although the fiibries reoordsd fhira recent Hmeetones 
are comparable with those of the Lisbume Groupfcf the 
isopachous beach rock cement of the Pleist4>c«ne Bel- 
mont Formation of Jamaica (Land, 1971, p. 135)], it is 
not possible to iaaen the original mineralogy of the 
early phase cement in the Lisbume Group. A fSoesil ex- 
ample comparable to that found in the Lisbume Group 
is the "short, cloeely packed, calcite druse" described by 
Puner (1989) from the Middle Jurassic of the Paris 
Basin, and it is suggested as being originally calcitic. 

Except for the two zones of dedolomitization (see sec- 
tion on "Environments of Deposition"), or the intertidal 
algal mat of the eastern Sadlerochit Mountains section 
(69A-4A/4B), there is ne evidence of breaks of sedimen- 
tation in the Lisbume Group. Thus, in general, al- 
though the Lisbume early cement has lextural 
analogies with recent examples from a vadoae zone, it 
probably formed in a subtidal envinmment. This ce- 



ment probably originated as a precipitate of calcium 
carixinate from supersaturated tropical sea wat> r 
described by Taylor and Illing (1969) and Shinn 11969) 
in the Arabian Oal£ 

Second-phase sparry calcite completely obliterates 
the available pore space with subequant crystals that 
are much coarser than the first-phase cement. Crystal 
size tends to increase toward the center of a void fill. 
Thare appears to have been a time lapse between the 
two phases of cement, the second phase of which tends to 
be rich m Fe * (».•> discussed in the section "Fe*- in 
Calcite"). The evidence from oolitic skins displaced from 
the now dissolved core (pi. 1, fig. 4) and the existence of 
enJacial junctions (Oldershaw and SoolBn, 1967; 
Bathurst, 1971, p 134) support this view. The second- 
phase cement presumably formed after the conversion 
of all metastable carbonate minerals to low-Mg calcite 
(part of Land's stage IV of cementation (1967)}. 

Internal silts similar to thoee described by Dunham 
(1969) from the Permian limestones of New Mexico and 
ascribed to the vadose zone are absent from the Lis- 
bume Group. This fact, togetherwith the apparent con- 
tinuity of sedimentation, suggests tliat the second- 
phase cement developed in a phreatic environment. 

Tile source of the CaCOa necessary for complete 
cementation implies that the second-phase cement, at 
least, is fifwm a distant source (analogotia to the distant- 
source dolomite of Murray, 19<54>. Bathurst (1971, p. 
457) suggested that neither solution of local aragonite, 
especially in view of the lack of collapsed micrite en- 
velopes, nor pressure solution will provide sufficient 
volume to obliterate the intergranidar space. Bat if 
submarine precipitation ofCaCOs is invoked, then the 
regional distribution of sparry calcite is left unex- 
plained 

Illing, Wood, and Fuller (1967) suggested that the 
relative amount of available second-stage sparry calcite 

cement is partly a function of the tectonic setting of the 
area. For example, primary intergranular porosity is 
very common in the limestones of the Arabian Golf 
where continuous calcareous sedimentation has per- 
sisted throughout most of the Mesozoic and Tertiaiy 
eras, whereas in North America, where interrupted 
cratonic limestone deposition is dominant, very little 
primary pen space has escaped eementatian by epany 
calcite. 

At the conclusion of this discussion, however, we still 
have no answer as to the origin of the second-phase 
cement We can only suggest that a very large proper- 
tion of originally aragonitic biodasls. without micrite 

envelopes, has gone into solution and has HiFnpprnrrd 
from the geological record- This process could pruvide a 
very large amount of cement and wouM alaoexphnn its 
regional variation in distribution. 
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NIOMORPHIC PROCESSES 

Neomorphism fFo>k, l^^^^ i - nn increase or decrease 
in cryslal size. For calciuiu carbonate, LhU generally 
involves a change of lattice type (for example, the 
changa ftim angonite to low-Mg calcite) and it has 
been dealt with in the praoedingdisGaaiion. It alio in- 
cludes a change in crystal size without change of lattice 
type, a process usually referred to an r«>cr>'i>talli2ation. 
The product of the latter process is either aggrading or 
degrading in torn and, in our axperience. i« quantiu- 
tively of minor importance. 

The operational criteria for recognizing ncomorphic 
spar have been outlined by Bathurst (1971, p. 484); he 
dflO wnpihaBiaBd that reeiyatalliiation is a wet rather 
than a dr>- process Aggrading neomorphic fabricti have 
not been positively recognized in the limestones of the 
Lisbume Group, but this process is invoked to explain 
the grain size of i«ral>able tyageaetic maerodolomites. 
The average grain aixe of reeent ^genetic dolomites is 
about 4^m (L. V. Tiling, oral conimun , 19701. whereas 
Diacrodolomite graina of the Lisbume often exceed 50 
micrometres, and even the microdolomite grains com- 
moniy an larger than 10 micrometres. These sixes sug- 
gest that an aggrading process operates in dolomite 
througli geologic time, the maximum grain size 
achieved being a function of the available pore fluids. 

The only positive evidence of degrading neensr|ihiB« 
is illustrated on plate 6, figure 1; the illustration shows 
that the crystal size in a crinoul plate and iLs syntaxial 
overgrowth has decreased while the matrix (probably 
originally carbonate mud) and bryoxoan fragments 
have increased in grain sise. b the end stage of 
neomorphism, this rock would be a dusty equigranular 
calcite mosaic from which all evidence of bioclastic re- 
mains has been eliminated. The formation of marble 
(see the section on "Marble") after thrust movement i s a 
process closely analogous to sedimantaiar neomorphigm 
except that large-scale stress is the triggwr mechanism 
for annealing the crystals. 

MA I RI\ 

Matrix u» defined as intergranular material. It is usu- 
ally composed of carbonate mud (roicrite) and is domin- 
antly of clastic origin. The separation of grains and 
matrix is to some extent a function of the scale of obser- 
vation, but in practice a tendency toward a himodal size 
distribution in micritic limestones makes the distinc- 
tion easy. Individual crystals of micrite have an upper 
size limit of 3-4 micrometres (Bathurst, 1959). 

Carbonate mud is the dominant intergranular mater- 
ial in the Alapah Limestone, although toward the base 
of the Plunge Creek section (70A-4/6) the matrix con- 
tains a rdativdy high proportimi of day minerals. 



Recent carbonate mud is largely bioclastic in origin, 
whether originally mainly aragonitic (as described in 
Cloud, 1962, from the Bahamas) or calcitic in composi- 
tion (Davies, 1970, Shark Bay, Western Australia). The 
imly known inorganic pneij^tatioii of CaOOk is in the 
lagoons of Abu Dhabi (Kinsman and Holland, 1969). 

Ancient micrites usually have a porosity of about 1 
percent, although chalks have ponmties as great as 40 
percent. The process by which reoeat carbonate mud 
with ponaities In excess of 50 peraent beeomee lithifled 
is a matter of some complexity. 

Although Wolfe (1968) demonstrated a 30-percent 
reduction in volume during the diagenesis of the Chalk 
of Northern Inland, evidence of compaction is gener- 
ally lacking in limestones. This would then imply that 
U) complete the process of lithification, the CaCCDi has 
an external source, it is, however, difficult to visualize 
this piraoess because the low porosity micrites (- 1 per- 
cent porosity) have a permeability of about 0.01 mil- 
ltdarcies, and even the high-porosity chalks have low 
permeabilities lleas than 10 mD). These figures suggest 
that very small amounts of cartwoate-rich intevBtratal 
aoltttifioa pass through the carbonate mud. The moat 
probable origin of oxcm.*! CaCCh is, in our opinion, 
within the carbonate mud itself — a process of solution 
and almost immediate redeposition that allows reduc- 
tiaa of the original voluow without obvious signs of 
compaetiou. This process probably is most active in 
rocks with an original high aragonite content. In con- 
trast, rocks composed originally of low-Mg calcite (for 
extunple, chalk is composed essentially of skeletons of 
coccolith debris) have little tendency to this small-aeale 
solution, and in general the porosity tends to be re- 
tained during geological time. 

The double carb<inaie of calcium and magnesium 
<doloroitG) contrasts with calcmtn carbunate in having 
only one crystal lographic form (euhedral/anhedral 
rhombs). As mentioned in the previous section on "Cal- 
cite**, the conversion of metsstsble aragonite or high- 
Mg calcite to stable low-Mg caUite commonly causes 
ground water to become enriched in calcium carbonate; 
this calcium carbonate is sufaaaiiusntly depoeitsd as 
sparry calcite cement. Dolomite, except for the rela- 
tively rare process of dedolomitization, is not subject to 
Iari::e-scale solution, and dolomite-rich interstitial wa- 
ters are rare. These chemical and roineralogical factors 
together with the absence of dolomite as a primaiy 
constilupnt of marine .<fkp|eton8 explain the paucity of 
diagenctic tniormuliun obtainable from dolomite fab- 
rics. 

The mqjor source of variability in dolomites is in the 
degree of nonstoiehiometry. Ideally, dolomite has a 1:1 
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ratio of Ca'Mg, but when ferrous iron is incorporated 
into the dolomite lattice, it substitutes more readily for 
Mg** ions than Ibr the Ca*-^ iona. Kate (1971) reported 
that calcian-ferroan dolomites averaging CauMgj;, 
Fe''7(CO)),oo are common in the Mahmal Formation of 
soathem larael, and in 1968 he suggested that these 
DOn-stoichiometric dolomites are particularly prone to 
dedolofnitiration. Another nonfltoiciiknnetrie fbrm. but 
one that does not incorporate foreign ions into the 
dolomite lattice, w prutodulumite, which contains about 
10 mole percent of excess CaCO, in the lattice 
(Qoldamith and Graf, 1958). Flmtodoloiaite. of composi- 
tion Caa«Mg44, is deposited in the Cooron^ Lagoon of 
South Australia (Alderman and Skinner, 1957; and is 
common in the recent dolomites of the Arabian Gulf 
sabkhas (Kinsman, 1966). Iliing, Wells, and Taylor 
(1965) record recent dolomite rhombs of the size 1-5 
micrometres from Qatar in the Arabian Gulf. In spite of 
their comment that they were dealing' with "true 
dolomite," their data showing the existence of dolomites 
with a Ca:Mg ratio up to 66:46 are comparable to the 
protodolomites of the CoororiR Lapoon (Alderman and 
Skinner, 1957). Wood and Wolfe (1969) have described 
Jurassic-Cretaceous rock.s from Abu Dhabi that were 
deposited in an environment similar to those from 
Qatar, but tlie dolomite rhombs average 50 micrometres 
in size, suggesting that extensive grain growth has 
taken place during diagenesis — a process that could be 
associated with the loss of Ca'' from the original 
protodolomite. In general, protodolomitBs probably lose 
their aiceie Ca**^ and gradaally revert to the stoi- 
chiometric oompoeition 

IX)l.f)Mn K 

Dolomite is best subdivided on the basis of its grain 
size. Following the u.sage of Iliing, Wood, and FuUor 
(1967), the dolomites are subdivided into 
mtiendolomite, which has an average grain siae larger 
than 30p;m, and microdntomite . which has an average 
gram size of smaller than 30 i^va. As discussed in the 
section on the "Origin of Dolomites", the distinction 
between ^genetic and diagenetic dolomites is difficult 
to determine, bnt the average grain site is one flMtor 
that help^ 

As described in the section 69A-4/4K, Old Man 
Creek, the Plunge Creek section (70A-4/5) has the 
largest amount of dolomite in the total sectiui (33 per- 
cent) as compared with 9 percent in the western Sadle- 

rochit Mountains (69A-Ii and 15 ptrcenl in the east 
Sadlerochit Mountains (68A-4A/4B). The dolomite is 
conoantrated in all three aeetions of the Alapah Lime- 
stone, and rare amounts are present in the dominant 
grainstone rock type of the Wahoo Limestone. 

In the Plunge t'reek .seituin, the lower of two predom- 
inantly dolomite units (330-720 ft) is homogeneous un- 



zoned macrodolomite with rare intervals of mi- 
CTodolomite; the upper imit (918-1,630 ft), which ter- 
minatea the Alapah Umeslene, is domfaiaikdy mac- 
rodolomite interbedded with wackestonc and packstone 
(fig. 2>. The macrodolomite rhombs of the lower imit are 
often outlined in hematite, and toward the top all inter- 
rhombic spaces are filled with dark cliv> Inm-ricb cores 
are sporadically apparent in the rhombs. Dolomite is a 
common accessory in the limestone, and at those places 
where it o<xupie8 less than 25 percent of the total vol- 
ume, the grain size tends to be coarser. 

In the western Sadlerochit Mountains section 
(69A-1) five thin discrete units of 10-30 f^ofdolomite, 
I largely microdolomite, are scattered through the 
Alapah Limestone. No thick units of dolomite exist in 
this section altluni^ flie suggested depi^itional envi- 
ronment of the uppermost unit of the Alapah Limestone 
is a restricted platform, similar to that suggested for the 
uppermost dolomite unit in the Plunge Creek section. 
Accessory macrodolomite rhombs are common. Thqr 
are usually outlined with hematite, and some have an 
iron-rich core with iron-poor rim.s. 

In the easUirn Sadlerochit Mountuina lieclion 
(68A-4A/4B), the total section contains 15 percent of 
dolomite concentrated in two mi|jor units of the Alapah 
Limestone. The lower unit (380-580 ft) consists of 
homngeneou.s macrodolomite with an absence ofznning 
in the individual rhoinUt. The upper unit (75U-B2U ft), 
which terminates the Alapah Limestone, consists of a 
microdoiomite with patchea of chert. Algal mats hava 
been reeorded in the outcrops of this unit Scattered 
discrote horizons of microdoiomite with remnants of 
bryozoan and crinoid debris occur in the Waiuw Lime- 
stone. Patches of iron-rich macrodolomite in a mi- 
crodoiomite host (pi. 3, fig. 9) repraeent a later stage 
replacement of a high-Mg bioclast such as a crinoid 

plate. 

In the Old Man Creek section (69A-4-4/K), a large 
proportion of the neks are dolomite, but as mentioned 

inthe section on"69A 4'4K,01d Man Creek," they have 
been subject«d to mtense recryutallizatiuu. .Microdoio- 
mite (some of which is laminated) is the mtgor rock type, 
and it is particularly well developed at the top of tlie 
Alapah Ltmealone (040-1,082 ft) and toward die base 
(0-215 ft). The macrodolomitcs tend to bo sporadic thin 
beds, and many individual rhombs have cloudy cores 
with clear rims. 

The origin uf dolomite, long a matter of dispute, has 
been largely resolved since the advent of X-ray spec- 
troscopy and detailed fieldwork in areas of reeoit dolo- 
mite formation sudi as the island of Bonaire in the 

NetherlMiuls Antillos and the coastal flat.s (.-iabkhas) of 
Abu Dhabi. The source of the excess Mg* * ions needed to 
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produce dolomite is now accepted as interstitial bnnes 
in which the Mg/Ca ratio has been increased. 

Wlifther or not primary dolomiU- exists is lar^oly a 
semantic argument regarding the definition of "pri- 
naiy." The Mrlfeat ibrnied dolomite te amially refenred 
to as syn genetic, that is, formed prior to lithification as a 
dolomite mud. The production of the high Mg'''* ratio is 
produced in areas where evaporation exceeds precipita- 
tion. These heavy brines then seep down into the under- 
bring sediments, whicb become pngressively dolemi- 
tized (Adams and Rhodes, 1960; IMfeyes and others, 
1965). 

Syngenetic and diagenetic dolomites are certainly 
the most important typMi aiaimigb detrital and 
epigenetie dolamitas are also des c r i bed hi the Uterature 

( Friedman and Sanders, 1967). The distinction between 
syngenetic and diagenetic dolomites is, however, often j 
diifTicult to make. It is possible to establish criteria for | 
eachtypcbuttbeyarebynomeansmtttualtyexdusive. i 

Syngenetic dolomite 

1. Very fine grain size (-lO^m^ which can be 

increased by a process of gram growth. 

2. ITomogeneouf; nature of the individual ciystals ■ 

and the rock itself. 
8. Association with sulfate minerals or with evi- 
dence of intertidal environments 'algal mats). 
4. Restriction U> one horizon, cummonly at the end 
of a depo6itional eyde. 
DiafifnetH- dolomite 

1. Medium to coarse grain size. 

2. bidlvidual crystals; often mndl and have more 

than one phase of dolomite formation, 

3. Partially dolomitized rocks are common, and the I 

dolomite may be in the linu'-mud matrix 
rather than in the grains themeelves. 

4. bttsrdigitation with nondolomitfe caihonate 

rocks. 

For the Lisbume Group of the Sadlerochit Moun- 
tains, in particular, the most reasonable eondusion is 
that both syngenetic and diagenetic tloloniites exist. 
The syngenetic type is associated with the top of the 
dolomite unit that commonly occurs at the top of the 
Alapah Limestone and below the shallow-water grains- 
tone of the Wahoo Limestone. 

A supratidal-intertidal environment has already 
been pcetulated Ant syngenetic dolomites from the oc- 
currence of algal mats. The dolomites that fulfill the 
criteria for a diagrenetic origin tend to occur below those 
of probable syngenetic origin and could well have been 
formed by some form of reflux of heavy brines. As dis- 
cussed in the section on "Chert", the dolomite that oo- 
euxB in ehflxt it thought to be asanriated with the de- 



velopment of chert and is independent of normal 
dolomitization processes. Epigenetie dolomite is proba- 
bly represented by central dolomite fillinys of fractures 
lined on both aides with quartz (pi. 3, fig. 2) and by the 
development of doiemHe In httumen r ee t r l c t e d to planes 
of stylolito."? (p!. 12, fiijs. 1, 21 Miillcr and Tirtz fl971) 
illu.»trated an example of the dolomitization of early- 
phase sparry calcite rim cement that leaves the equant 
second-phase sparry calcite unaffected. The bioclastie 
graiastone section (pi. 4, fig. 4) from the wsotem Sadle- 
mchit Mountains may be another example of this 
phenomenon. 

/(INIM.IN \f \( l<()[X)I OMmS 

The zoning of dolomite crystal.*, similar to the zoned 
[Tiacrodolomites of the Lisburne Group, has been dis- 
cussed in detail by Katz (1971). He SVggeetS that the 
zoning represents growth stages of the rhmnbe sndthat 
the variation in composition of each zone reflects "com- 
positional changee in the interstitial brines with re- 
spect to thefa* dtaaolved Ca*^. Mg*+ and F0>^ contents 
during dolomite crystal growth." 

Although zoning is common in the Liaburne Group 
macrodolomite. it is difficult to be sure of the original 
mineralogical nature of each of the zones. Figure 19 
illustrates a possible origin of the macrodolomite In the 
Lisburnp Ornup, althotij^h it must be emphasized that 
iron-rich corc^ uccognii^ablti from a potassium fer- 
ricyanide stain) are by no means ubiquitous. The first 
stage is the formation of accessory iron-rich 
dolomite — probably in mibonate mud trapped within 
the dominantly hioclnstic grain.stones and prior to any 
isparry calcite cementation <8tage 1 >. The ferroan dolo- 
mite is nonstoichiometric and contains excess calcium 
relative to magnesium. This ^rpe of dolomite is particu- 
larly prone to dedolomlttntion because of either the 
increase in free energy of calcian dolomite relative to 
normal dolomite or the ease of replacing calcium ions 
through the intercrystalline boundaries (Katz, 1968). 

When the calcian-nch zones have been replaced by 
calcite (Stage 2) or with the approach of ferroan dolo- 
mites to a stoichiometric corn[X)sili()ti, it is probable that 
the excess of iron in the calcite lattice will then be 
expelled to the rim of the debmite rhombs. This expel- 

|pd Fp'* is in the form of fprrif oxidff (Stage ^\ .\ second 
stage of dolomite (Fe fr&e) us someumes deposited 
around the original rhomb and in optical continuity 
with it (Stage 4), that is, the external-source dolomite of 
Murray (1960). The core of the dolomite ihomb is then 
susceptible to solution as shown by the existence of 
iron-stained rhombs with a patchily dedolomitized rim 
but either a void or a corroded non-Fe dolomite core 

surrounded by a void "moat." Solution almost certainly 
ecotts after tfm pore-fill stage of apany calcite deposi- 
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Vteukfe Ift^^aqiwnn of dtavHiMit in noid inii*rtdi ddoinlMk 

tlon becaiue infiUing of vvids fbniiad by wlution has not 

been observed. 

This interpretation diflurs from that given by Katz by 
suggesting that the hematite-rich outer zone is related 
to the expulsion of Fe**^ firom original ferroan dolomite 
aonea and not, as snggMted by Kats, to direct preeipita- 
tion directly from interstitial solution upon growing 
dulonuu! crystals. The main factors supporting this con- 
clusion arc that ( 1 ) the hematite nmet are developed on 
the outer maigin of the firat phaae of ddomtte forma- 
tion, and (2) hematite ia partkulaily wdl developed 
when wnee of dedolomitlMtion are apparent. 

DEOOLOHITE 

A characteristic of dolomite as an accessory mineral 
is its occurrence as discrete rhombic crystals. Since the 
widespread use of the organic Alizarin Red S stain 
(EMetfanan, 1969) has £wilitated the distinction be- 
tween ealdte and dolomite, wveral authors have de- 
scribed the replacement of such dolomite rhombs by 
calcite (Shearman and othen, 1961; Schmidt, 1965; 
Bausch, 1965; Evamy, 1967; AmslKMig, 1997; Mat- 
tavelU and othere^ 1969). 



Dedolomitea are fbund in the Liabume Groa|» of the 

Sadlerochit Mountains. They occur in two m^or t> pe<^ 
The most common type is the selective replacement oi 
dolomite in planes parallel to and toward the outer 
margin of the originiil rhomb facea (see pi. 6). The moat 
common example of this type is a dncrete dolomite 
rhomb outlined in hematite with one thin plane of cal- 
cite parallel to the rhomb face*. In some rhombs the 
i riu^rtors are dolomite, but in othen the cores are voids 
(see pi. 4, figs. 4, 5, 6). 

In the example in the frontispiece and on plates 4 and 
5, the diagenetic historj' is apparently more compli- 
cated. The dedolomitized calcite is developed in a aeries 
offdaneB parallel to the rhomb fteee and is concentrated 
toward the outer fHrc The i- nlriir- !•• not in optical con- 
tinuity with the original doloniic*;, and it& extinction is 
patchy. The variation in the orientation of the calcite is 
noticeable in the difference in the orientation of the 
twin planes; theee orientatiims oooM be secondarily 
induced. The iron-poor original dolomite rhomb ejctin- 
guiahes in quadranta and is in optical continuity with 
ajBaesMta»W|mwiihB of dolomite. The terminations of 
theovergrowtfiB anpamUeito the plana intersection of 
the original rhomb faces. Patches of hematite occur on 

the edge of the rhomb. 

Simple, partly dedolomitized rhombs of this type 
occur in a zone (660-668 ft) of the Plunge Creek <;ection 
where not only is a zone of calcite developed toward the 
outer edge of the rhomb, which is outlined in hematite, 
but the outer margin is etchsd by ths ai|jaoont sparry 
calcite cement. 

Other examples of this type of dedolomitization were 
found in the western Sadlerochit Mountains section 
(69A-1). Tlie coarHe-zoned dedolomit*HS of plate a occur 
between 60-80 feet Between 445-465 fieet (pi. 4, fig. 5) 
the rhombe outlined in hematite have a ainigle lOiw of 
calcite toward the outer margin of tihe rhomb, and in 
addition the center of tho nriginal rhomb is now void. 

The second type of dedolomitization i» the spotty re- 
placement of dolomite rhombs by calcite. The arrange- 
ment of tlie calcite spots is not apparently related to the 
structure of the individual rhonUlw. The outer mar^ns 

of the rhomlM aie commonly corroded by adjacent 
sparry caldla. This second type of dedolomite is re- 
stricted to the<Nd Man Creek asetion (69A-4MK) (pi. 4, 
fig. 7). 

C.At.SF^ OF DE00I.OMITIZATION 

Von Morlot (1848) suggested that the convmioa of 
dolomite to calcite possilrfy resulted from the reaction of 
calcium sulfatc-bearing solutions on dolomite, that is, 

CaCQ, MgCOb * CaSq, - 2CaC0b + MgSQ*. 
TaUrskiy ( 1949) suggested that this la a valid praeeas 
but fimnd it restricted to euteraps. 
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De Groot (1967), however, has shown from ezperi- 
meptg that dado toinit iMi t io n can be achieved by a high 
Ca^^M^nlio, and Friti (IMT) i««gMtad that da- 

dolomitkation w prohnbly taking place in the German 
Jura at the present day. Katz (1968, 1971) considered 
that calcian dolomites are particularly susceptible to 
dad o loinitiaatiDn. In the caae of the Mahmiil dotomitaa 
of brael, Kate suggested that dedolomitiaitwn takee 

place durin}; intervals of dolomif.' pTriv.1:h Evon if de- 
dolo mi t iz ation is accepted tut being reHtncted to surface 
outeropa, it ia not narmally known whether the dedolo- 
mitea are of recent or ancient origin. Schmidt < 1965) and 
Braun and Friedman (1970) have used zones of dedolo- 
mite as possible indicatorti of unconformity surfaces, 
but none of the examples cited by them prove that the 
dedotomitizatioo wm set nodeni. 

The dedolomite in the Lisbume Group of the western 
Sadleruchit Mountains section (69A-1) (pi. 5} can only 
be explained in terms of a dedolomitiiation process 
opeiative prior to fonnatiOD of leooBdaiy dolomite 
overgrowths, aawient dodolonuUcation is accepted as 
a clue to an unconformity surface, then the dedolomite 
of 60-»0 feet in section 69Ar-i ib probably an example. 
Correlation on the basis of Mamet'sforammiferal zonen 
of thie fone of dedolomitiiation in tlie weatern Sad- 
hrodiit Moiintaina seetMn (69A-1) ties in with the de 
dolomitization zone from 550-S58 feet in the Plunge 
Creek section (70A-4/5), that is, within Zone 16i of the 
Chesterian Series. This correlation is an added indica- 
tion that both these dedolomittzation amea could be a 
product of meteoric waters with a high Ca*' iM^-- 
ratio produced during a period of emerf^ence There in no 
evidence that the upper zone of dedolomitization in 
69A-1 (that ia, 466-468 ft) le other than a praduet of 

recent meteoric waters. Indeed the preservation of 
intra-rhombic voids aloae would suggest that solution 
of the dolomite took place after the flNrmatioa of the 
sparry calcite cement. 

The spotty dedolomite oonunon in the Old Man Creek 
section f69A '1,''4K1 almost certainly has a different 
origin. Ab de^ribed in the section on "69A-4/4K, Old 
Man Creek" the limestones of section 69A-4/4K have 
ben aulgected to eitenaive metamorphiam attributed 
to the emplaoement of the Bfeont Hiebebon pluton. 
Tfiis metamorphism has resulted in widespread (^ain 
inlerpenetration and aolution of calcite. The de- 
dolomitization would then probably be a result of the 
msulting intentitial fluids with a high Ca'^/Mg^* 
ratio. 

onnimrnoN or moN 

Altliough the pNMBee of trace eationa (eapecially 
ferrous iron) in both dolomite and caltite ia welt known, 

it i.s not normally detectable in thin section Iron more 
commonly enters the dolomite lattice, and the end [ 



member ia the iron-calcium carbonate, anlurite, where 
all the magnesium ions have been replaced by tennia 
iron witii a eonaaquent ineraaae to both nfraethw ittdoK 

and birefringence. 

E vamy (1963, 1969) and Evamy and Shearman (1965, 
1969) not only deecribed a reliable and ataUe atain for 
locating iron in the carbonate lattieea but alao mad thia 
distribution to draw petrogenetic conclusions. The pre- 
ferred stain for ferrous iron is 0.5 percent saturated 
potassium ferricyanide in a 0.2 percent solution of hy- 
drochloric acid, which providee a blue ('Tumbull s 
blue") pigment. The intenai^ of the atain is in direct 
proportion to the concentration of ferrous iron, other 
factors being equal. This potassium ferricyanide atain 
was used regularly in the study of the Lisbume Group. 
More recently. Freeman (1971) has used cathodo- 
luminescence to distinguish between different phases of 
cement that posaess more subtle variations of Fe*^ 
content than ia tneeable by the pofeaaaiiuB ftrriqranlde 
atain. 

Fe** IN CALCITE 

The distribution of iron in the calcite of the Lisbume 
Group appears to follow a uniform sequence. The debris 
(biodaatie, ooUtie. and pelktold) appeen to be eeaen- 

ti?i1ly free of iron, and this is also true of any interstitial 
mud (micrite). Two generations of 8parr>' calcite can. 
however, sometimes be clearly separated on the basi.s of 
their iron content. The first phase of siuuny calcite forms 
either aa inm>poar ayntaxial overgniwdiB around 
echinoderm fragments or as fringes around other bio- 
clatjts «r oolites. Evamy and Shearman (1969) clearly 
demonstrated that the overgrowths on echinoderm 
oystala are developed as ixon-poor ^^res of crystals in 
the direction of the c axis of the original grain. The 
serration of the outline of the first-phase sparPr' calcite 
la a result of the initiation of cementation only on the 
fragment surface between the pore-canal opening!. 
Overgrowths tend to be restricted to those pfllts of the 
original crystal that allow growth parallel to thee axes. 
Grain relations shown on plate 9, figure 2, suggest that 
ayntaxial overgrowths on echinoderm debris are a re- 
sult of the pushing asideoforlginaldetritm rather than 
being a product of replacement. The first -stflge iron- 
poor sparr>' calcite overgrowths on pelecypod fragments 
and oolites also tend to be of irregular prismatic outline 
elongated at right angles to the grain sur&ce. In con- 
treat, the (trst^etage cement is not noticeable ■round 
bryozoan fragments. The introduction of second-.'itage 
sparry calcite represents the final phase of obliteration 
of the ori^nal pm vaee of the grainstones. The calcite 
oecura as genenlly equant crystals, the orientation of 
which ignores the shape of the pores. Although vari- 
able. this second- phase cement tends to be rich in iron. 
I but in any one thin section no zoning of the iron content 
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was apparent; this lack of zoning contrasts with that 
dMcribwl fagr Evamy and awrman (1969). The oon- 
cnitratlon of iron in th* «Moad>pliaM sparry calcite 
cement is nt -i rnaxiinum in the coarse grainstone units 
of the Lisburne Group, especially in the oolite units of 
the Wahoo Limestone. Although it has been observed 
that the Unw mud Cmichte) generally shows no evidence 
of the preaci icaof Ptf-» at 990 feet in the eastern Sad- 
lerochit MountainH section (68A-4A), the micrite adja- 
cent to some patches of chert is particularly entidied in 
teiotia iran (pL 8, llg. 4>. TMa auggaatB Oiait tha aooaaf 
Fe** enrichment could represent concentrationa of all 
the iron originally in the replaced limestone. 

The time relationship between the two stages of cal- 
cite cementation is of importance. There is no avidanoe 
«f cwroakm prior to itago tiro or any auggestioo of a 
plane of inclusions that could define the termination of 
stage one. Nevertheless, the change of habit coincident 
with the general increase in iron content in the second 
stage suggests some time lag betw«en the two stages of 
eoBMntatiim. Enftcial junetions (Ballitint, 1971, p. 
434) are common between the iron-rich and iron-poor 
phases of cementation in the Lisbume Group and could 
provide support for a time difference between the stages 
of cementation. An oxample of the early fringe, iron- 
free, first-phase ealcite cement growing perpendicular 
to the oolite surface with the absence of second-stage 
cement is illustrated in Illing, Wood, and Fuller (1967, 
fig: lP)fromtliaoil-liaaringM]nagiahOditeorKttwait 

re«* IN DOLOMITE 

As described in detail in the previous section, the 
dolomite in the Lisburne Group is of at least two distinct 
generations. The early first stage is often iron rich, in 
contra.st to the sparry calcite. Some of the samples of 
this phase are homogeneously rich in iron and remain 
ridi in iron with time (60 ft, 09A-1): tliey oeeur aa tin 
iron-rich and "dusty" core to dolomite rhombs (pi. 4, fig. 
8) or as corroded homogeneous irun-nch dolomit* tpl. 4, 
fig. 2). More common, however, is the presence of clus- 
ters of iron-oxide<rinuned rfaocnfaa that afipear to be 
amed and probably represent original-wNied fenoan 
dolomite that has readjusted to its lattice to expel the 
contained iron Thiii zoning is particularly noticeable 
with zones of dedolomitisatioa pamlld to the ilieinb 
liBces i*eo ft, 69A-1). 

The aeoond-stafe dolomite occurs either as an iron- 
free rim around the ferroan dolnmit*? core or as iron-firee 
overgrowths developed along the plane of intersection 
of the rhomb faces. This second stage postdates any 
phase of dedolomitization (pi. 5). A possible third phase 
of iron-free dokHnila occurs in section 69A-1 where 
vcinlctii croaseuttingtlM boat rodt are iMurUy filled with 
dolomite. 



Tabue 3 — Habit and iron conUntof tparrycakilecemmtaruldolomitt 
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ENVIRONMENTAL SIGNIFICANCE 

Table 3 summarizes the p««eediitg discussion and 
emphasizes the existence of at least two phases of for- 
mation of both sparry calcite cement and dolovnite. The 
first phase of sparry cakiie is free of iron, wiiile the 
second stage te rich in iron; in eontrest, tlie dolomite haa 
a first phase that is rich in iron with an iron-poor second 
stage. Evamy (19691 ha.i sUted from the work of 
CastaAo and Garrels (1950) and Garrels and Christ 
( 1966) that ferrous iron is only stable during earfoonate 
sedimentation under rsdadnff eonditlona tiiat oeeur 
dominantly below the wat<?r tabic. Tn nddition, Evamy 
suggested that any ferrous iron incorporated into car- 
bonate lattieea beneath the water table is then stable 
throu^ ge^dogical time. If this hypotheaia is acoepted, 
an envirotunental criterion can be established fbr fer- 
roan i. ikilos and dolomite-s, but, conversely, no criteri- 
on exists for intei'preting the environmental formation 
of iron-free carbonate rocks. The environmental im'pli- 
cationaof the distributioDof inm in the cathonata locka 
of the Ltolnmie Oroup are: 

1. The iron-fx ir c alcite fringe cement was proba- 

bly formed before the original aragonite of 
oolites or pelecypod fragoeolierthe Ughpllgf 
calcite of echinoderm debris changed to stable 
low-Mg calcite. The fringe cement of the ool- 
ites and pelecypods probably has a common 
origin with the ayntaxial overgrowths on 
echinoderm plates. It was suggactod in the 
previous section that this iron-free first-phase 
cement originated by direct precipitation of 
CaCQ, from aupanaliinfted sen water. 

2. The seoond-«tage aqpiant inin-ridi para-filling 

crystals of calcite (drusy-ealdte of Bathuist, 
1958) would, if the h>T:> -thesis of Evamy (1969) 
is accepted, be formed in the reducing envi- 
ronment beneath the water table, probably 
after the first-stage iron-rich dolomite. This 
sequence may indicate an external source of 
both calcium and carbonate ions, possibly 
CaCO^-rich waters produced by the large- 
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scaJe solution of aragonitic components (MS 
outlined by Bathurst, 1964, 1966) 

The second-stage taUUtm eetnent ubiquit- 
ously filb Um pore ipaM u the Lisburne 
Gnnipi To fonerate this vut amount of ob- 
ment from internal sources, it would bf neces- 
sary to dissolve a grcai quantity of aragonite. 
This prooesfl takes place preferentially in 
fresher waters (Cloud, 1962) and, as noted by 
niing. Wood, and Fuller (1967, p. 498), could 
suRKCst that the Lisburne Group was depo- 
sited in an epicontinental sea of repeated up- 
lift and downwarpk 

The first-stape dolomitr was rich in iron and 
commonly zoned iKatz, 1968). The original 
composition of dolomite is a function of the 
chemistry of the pore waten. and the axining 
probably reflects tbeir pleoemeal fbrmatum. 
Commonly the iron-rimmed dolom ti • occur 
as clusters, the margins of which are abruptly 
terminated by the oecond-etage sparry calcite; 
the calcite having no relationship to the 
rhomb outlines. This fact suggests that the 
first-stage dolomite was formed from a local 
source (Murray, 1 960 \ of magiiesium ions as a 
replacement of original carbonate mud be- 
neath the water table prior to introduction of 
the second-stage sparry calcite cement. 

The second stage of dolomite formation probably 
represents replacement of calcite by the "dis- 
tant sourcee" of megnesinm (Murray, 1960). 
There is probably a time gap in the develop- 
ment of the second-stage dolomite after forma- 
tion of the iron-rich core, but no criteria arc 
available to suggest its duration. The absence 
of ineluneas in the seeoiid<«tage ddomite 
suggests that it formed by the physical crea- 
tion of space during crystallization rather 
than by raplaoement. 



The structure of the abundant chert in the Lisburne 
Group is generally microecopically uniform, but from 
its original locos, two types be distinguiafaed— ma- 
trix (Intergrantilar) chert and intragran^ar diact. 

FAMiC 

Matrix chert. - This chert tends to occupy the inter 
granular space between bioclasts, usually echinoderm* 
or bryoz«ans, which are only marginally replaced (pi. 8, 
fig. 6). The blebe of matrix chert usually have an almipt 
mai^B with the boat limestone, but it is desr that the 
bedding is commonly di.^placed around the bleb, indicat- 
ing either primary accumulation or poetdepositional 



development prior to lithification. In contrast to the 
intragranular chert, the contained fragments of 
echinodermdcbri.s shownoovidoneeofoonoantratioBof 
silica within the plates. 

Intragranular cAerf.— This chert type (fig. 20) is pre> 
ferf-ntially developed in echinoderm plates (pi. 9, fifj.s. 
1-6) or fibrous pelecypods ipl. 8, fig. 2). It occui^ as a 
partial replacement or as preserved "ghost" structures. 

Plate 10. figure 6. clearly shows the chert formed by 
the preferential replacement of the bioclastie debris of 
the Lisburne Group. In the upper part of the specimen, 
the crinoid fragments are yellow and stand out in relief 
above the calcareous but nonriUesous matrix after acid 
etching. At the base of the core specimen, crinoid debris 
.set in a similar matrix is preserved in sparry calcite. 

Many echmoderm plates (pi. 9, figs. 1 G) and fibrous 
pelecypods are partly r^laced by chert, yet other parts 
of the enelosbig rodt isootain no silica whatsoever. A 
penumbra in which the pore strurt irc of the 
echinoderm plate has been destroyed and w hich appear 
to be composed of an totfanate admixture of silica and 
calcite oomnumly soRounds the silica blefas. The other 
grains are affected by the ehertificatkm only where the 
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echinodenn plates and pelecypods are completely re- 
flaeeA. If tha original interatitial material was sparry 
calcite cement, this cement is also eventually replaced 
by chert, but any original carbonate mud is preferen- 
tially nplaoad by dobiinite latliar tfaan dmt (pi. 6, figs. 
7,8). 

TlMEOrOlUGIN 

The photomicrographs of plate 7 confirm the early 
diagenetic formation of intragranular chert and provide 
• fraflumrk firnm which a larga part of tha ■equenoe of 
diagenesis of the Lisbume Group can be deciphered. 

The single anhedral crystal of sparry calcite in the 
center of the field of view contains a line of micrite 
iDdiwioBa. This crystal is interpreted as an original 
eehinodermplatehi whiditheoriginal por«oatlhwsan 
still preserved; the plate is bounded by the remains of a 
micrite envelope, and the whole is then encompassed by 
a ^yntaxial overgro w th. The micrite envdopea (pi. 9, 
fip. 3, 8) ara w md o p featuna an baoelasta and ara 
helleved to fbrm immediatety after death of the or- 
ganism by the in1f r-t ( ■■■ii' surface burrows of algae 
(Bathurst, 1966^. At approximately this stage, silica 
began to nucleate in the pore apaoe of the echinoderm 
plate and formed apprastmately equiduoenakmal crys- 
tallites. 

The first st-age of sparry calcite then formed as a 
syntaxial overgrowth around the original echinoderm 
fragniBnt, leavingalinaof mteritB inehisionBaa the only 
re mnrs it of the micrite envelope Thr nhsence of inclu- 
tiions in the syntaxial overgrowth and the fracture of a 
bryozoan firond against an adjacent foraminifer suggest 
that this overgrowth was developed in a void with com- 
plenentary pushing aside of any aooeasihle carbonate 
grains or mud. 

The next stage of diagenesis was the development of 
fibrous silica extending from the original spotted nu- 
daua into the syntaxial overgrowth of sparry calcite. 
The final stage was the second phase of sparry* calcite 
cementation with radiaxial and equant texture 

This sequence of diagenesis dearly demonstrates 
that the original silica nudeation within the 
echinoderm plates took place at a very early phase of 
diagenesis, probably before lithification. The extent of 
subsequent chertification is probably a function of the 
local availability of silica m the pore waters. 

MODF. OF ORIlilN 

It is obvious that the intragranular chertt> are fonued 
by replacement of an original limestone with the silica 
first nucleating in the plates of echinoderms. However, 
the evidence fiw the origin of matrix diert is ambiguous; 

feasible hypotheses art: either preferential replace- 
ment of the matrix by silica or the presence of an origi> 
nal siliceous deposit 



If both the intragranular and matrix cherts origi- 
nated by replacement of calcium carbonate by silica, it 
is difficult to reconcile both types being formed in the 
same depositional regime. Accepting the well- 
documented preferential replacement of echinoderm 
plates in the intragranular cherts, it is neceaeaty to 
imply that tha matrix dwrt was ovigioally a prtaiary 
deposit of biogenic origin. This kind of origin would then 
allow adjacent pore fluida to be strongly enriched la 
silica, which could then form intragranular cherts by 
replacement of biodastic limestonas. 

SOURCE OF SILICA 

Because of the low solubility of silica in sea water, tlie 
process of derivation of the opaline silica now fbrming 

vast thicknesses of chert and flint in the sedimentaiy 
column has been a matter of considerable argument. 

It is widely accepted (MacKenzie and Gands, 19BS) 
that the bulk of the silica supplied to the oceam raacta 
with Mcatbonate and other cations to fiirm reconsti- 
tuted clay minerals, thus maintaining a low coii' ■ til; i 
tion of silica in sea water. However, Calvert (liM8> has 
made a convincing ease finr tha primary bidogkat con- 
trol of the silica content of sea water, and he suggested 
that the reconstitution of clay minerals is probably a 
diagenetic reaction 

Diatoms, Radiolaria, and sponges are the main or- 
ganisms with nlioeous skeletons (Smmr, 1967: Pitt- 
man, 1959). Krau.skopf f!959i suggested that the sili- 
ceous skeletons of these organisms are protected by 
organic films which decom{)ose after d' ii ti nnd permit 
slow dissolution. Solution of the skeletons produces in- 
terstitial waters containing more than four times as 
much silica as normal sea water (Siever, 1959) and very 
close to saturation (Calvert. 1968). Interstitial waters of 
sediments from the South Pacific have been shovm (Ar- 
rhenius, 1963) to Iwve silica contents ranging tinm 6 to 
788 ppm. 

Calvi ri : ^68) has shown that at the present day the 
Antarctic belt of siliceous oozes accounts for 80 percent 
of the current silica prasently being removed firam tha 
oceans. He also suggested that the band of siliceous 
sediment in the subarctic Pacific was developed as a 
result of high biological productivity in an area of 
oceanic upwdling, rich in nutrients. The transfiar of 
dtiea from water to newly dopoeited sediment is proba- 
bly continuous, and opaline silica is released from the 
tests of siliceous organisms within the developing 
sedimentary accumulation. In spite of references in the 
literature to primaiy dlica gels (Bissell, 1958; Maxwdl 
and cdiere, 1970. p. 442), there ia no eviitenee for the 
presence of silica in any form other than undissociated 
monomeric silicic acid in true solution at normal pU 
(Krauakap^ 1909; Sievar. 1969). 
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Thick cherts of Eocene age wntaining abundant 
radiolarian debm have bean found by the Deep Sea 
DrUling Prefect throughout the North Atlantic (Peter- 
son and otbera, 1970) and in the South Atlantic (Max- 
wdl and othen, 1970). Consolidated Eocene chert from 
Hole 8A if! he T"i< f p Sea Drilling Project on the north- 
east flank of the Bermuda Rise contains as much as 80 
penMitnoognuabtenidjolarian ramaias (Wood. 1969). 
In contrast, Radiolaria are preserved as sparry calcite 
in lime mudstone in Hole 5A on the west flank ul the 
Hatteras Abyssal Plain i Wood. 1970). The replacement 
of originally siliceous organisms fay calcite, as also ob- 
anrvad in the Canomanian linastone of Lurestan, Inn, 
confirms that the silica of the original skeletons was 
released into Lh« host t^ediment after deposition. 

Ernst and Calvert (1969) described a stratigraphic 
asqumca paasing from diaUwntta to porcallanite to chart 
tnm top to 1»aae of the Hfontarajr Fbnnation oTCafifiir- 
nia, and they Huggested that the silica has been progres- 
sively recrystallued down th« section. The rate of re- 
oyatallisation is considered to be relatively conatant, 
and Ernst and Calvart showed tliat» in the preaeoee of 
stagnant pure connate water, the Monterey poroella* 
nite kTistobalite) should recrystallize to chert (quartz) 
in 180 million years. Mizutani (1970) confirmed this 
transition by eaperimental investigation onder hy- 
drothermai conditions. 

The Eocene cherts of the Atlantic (Peterson and 
others. 1970, p 422) are dominantly cristobalite in 
composition, and the radiolarian remains, as mentioned 
above, are well piesoi wed. Theae rocks are appnwi* 
mately 50 million years old, and their mode of preserva- 
tion would fit into ihn Eriuit and Calvert hypothesis. 
The rare preservation of silica-bearing orgajitarns in 
older cherts (especially thoee of Paleoioic and older age) 
is probably a ftmetioo of their poaitiott at the end of the 
recrystallization seqnanos and in no way reflects an 
inorganic origin. 

Evidence for the .source ot silica in the Lisbume 
Qmap is acanty, but examples of apoofe spiculaa pre- 
served in silica (pi. 8, fig. Dor in calcite or dolomite (pi. 

fig 3) do exist. The specimens are composed of closely 
packed sponge debris, and similar accumulations could 
reprsaent the loeal aaiiroe of silica for the matrix chert. 
The common occurrence of cracks (pi. 9. fig. 5) within 
and surrounding the chert bodies can be attributed to 
the progressive desiccation of porcellanite 

The nucleation of the "intragranular chert" started, 
aa has been previoiisly mentioned, in the pore spaces of 

plates of echinoderms that were originally composed of 
.isingie crystal of high-Mg calcite ( Donnay and Pawson. 
1969). These plates have a spongelike internal sutruc- 
ture so that only a small fraction of the plato volume is 
ooGiqiiBd by continuoua ciystaUine calcite (Nissan, 



1969). The spwngelike internal structure is ramified 
with meiMxiermal tissue. Ckillugen fibers occur in the 
hollow spaces between the trabeculae of the 
echinodenn. It ia poeaible that nueleation started in the 
spaces be t wean tiie trabecolae aa a reauH of reaction of 
calcite in the skek ' i i .v ith complex orgf^n In c acids 
that were produced by the reaction of decomposing or- 
ganic matter with pore waters heavily enriched in silica 
either from in situ release or from siliceous skeletons. In 
this way silica would be precipitated and replace calcite, 
probably on a molecular basis. However the silica con- 
centration in the intragranular cherts took place, it 
eertainly started prior to lithiikation Just bdow the 

sediment-water interface and, probably, before the 
transition from the original high-Mg calcite skeleton to 
Stable loW'Mg eakite. 

DOLOMITE IN CHERT 

The preH»'nce of dolomite in chert has been recorded 
by many authors (for example, Pittman, 1959, Banks, 
1970: Rapson-McGugan, 1970». Pittman (1959) sug- 
gsated that this is evidence for poetdolomite origin of 
the chert. He suggested that the dolomite was fbrraed 
from the original limestone, the remains of which were 
subsequently replaced by silica. This explanation for 
the (failomite rhombs is not acceptable far the cherts of 
the Lisburne Group. Dolomite is sometimes present in 
chert when it is totally absent from the host limestone. 
Dolomite rhombs are often concentrated along the mar- 
gins of the intragranular cherts these rhombs suggest 
thatoeeurrmee of dolomite in chert it a genetic associa- 
tion. 

In some samples the dolomite m chert iseuhedral (pi. 
8, figs. 7, 8», while in others the rhombs are strongly 
oomdad. Hie dolomites in the intragranular chert of 
crinoid plates Csee above) are commonly rich in iron and 
concentrated along the edges of the chert, wliereas in 
the matrix chert no iron enrichment was observed. 
Plate 9, figured, shows an example of the concentration 
of iron-rich doUtmito at the edga of chert developed 
adthin a crinoid plate. The ihombs and patches of 
rhombs tend to be elongated parallel to the direction of 
cleavage of both the crinoid plate and its syntaxial 
overgrowth. The distributicm of the dolomite can ha 
related to that of a "reaction rim" in v^iidl the dolomite 
is a product of chert formation. 

If organosilicic acids generated in the pores of both 
crinoid plates and fibrous pelecypods are responsible for 
the development of intragraniahir diert, as previously 

suggested, thc-n the solution of calcium carbonate on a 
microbcupic ^ale will result in simultaneous deposition 
of chert. The source of magnesium for the dolomite is 
almost certainly the high-Mg calcite of the original 
crinoid skeleton, but such impurities as iron are ooneen- 
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tratad wifhin fbe dotomito lattie«. fn the euHnple illus- 
trated on plate 9, figure 3, the presence of a "reaction 
rim" of iroti-nch dolomite suggests tliat a process of 
pngnaaive solution and reprecipitation of dolomite op- 
erates as the chert devclopB in the criuoid onide, but 
this process is by no means ubiquitous as evidenced by 
the homogeneous distribution of dolomite rhombs in 
some intragranular cherts. Organosilicic acids (Siever 
aad Scott, 1963) can presumably dissolve calcite into 
solution but k)Ave dolomite largely insoluble at the 
reaction interface. The restriction of dolomite to a reac- 
tion rim suggests that a local increase ofacidity within 
earlier chert will lead to solution of early dolomite, 
wbkk in ttim wiU be lapradpitated at the chert«aldto 
maitiin. 

SULFATES 

Three sulfate minerals, anhydrite (CaSOi)> celeatita 
(&30i), and barite fBaSOt), occur as rare accessories in 

the Lisburne Group of the sub.surface, but none have 
been found in the surface outcrops of the Sadicrochit 
Mountains. This absence from the outcrops may well be 
a function of subaerial solution; nevertheless, no resul- 
tant casts have been recorded either in hand specimen 
or in thin section 

Ttie distinction between these three minerals is often 
diflknilt bi this section, all three erystallisinff in the 
orthorhombic system. Anhydrite has the lowest relief 
and highest birefringence: the distmction between ba- 
rite and celestiie requires the use of an %4eay difTrac- 
tometer or detailed refractive index measurements be- 
fikrs peaitiTe identtfiBatiao is possible. 

ANHYDRITE 

Description. — Anhydrite occurs in cores from at least 
tiro wells about 1,500 feet beneath the top of the Lis- 
hume Group. It occurs in two distinct habits, both as- 
sociated with microdokmiile These are: 

1. Nodules as much as 2 cm in diameter composed 

offelted prisms of anhydrite with a curviliaear 

orientation parallel to the outline of the 
nodule ipl 1 1, fig. 4): and 

2. PoikildtofjiL- anhydrite (as much as 1 mm in 

diameter) enclosing abundant microdolomite. 
Inttrpntation. — The crysta] habits of the anhydrite 
are closely comparable with those described and illus- 
trated by Wood and Wolfe (1969) from the Arab-Darb 
Formation of the Arabian Gulf. An arid supratidal 
(sabkha) origin has been suggested for the Arab-Darb 
Formation. Shearman (1966) regarded all nodular 
anhydrites as indicating; formation within the capillary 
zone of arid supratidal environments. The poikilotopic 
anhydrite is considered bgr Wood and Wolib tobeof early 
secondary origin, and that it probably was formed by 



the enlargement of anl^drite cement between dolomite 

rhombs by the progressive replacementof the dolomite. 

Plate II, figures 3 and 5, siiow two examples iliat 
suggest anhydrite has been taken into solution even in 
the subeurface. Figure 5 illustrates nodulas in a lami- 
nated dolomite lined with a 1-mm layer of c(yptoeryft> 
talline silica and largely filled with sparry calcite. The 
sparry calcite does not completely occupy the nodule. 
The preservation of good crystal terminations on the 
calcite suggests that the nodules were at one time voids 
subsequently infilled by both silica and calcite deposited 
from solution The nodules probably were initially 
composed of anhydrite (c£. Wood and Wolfe, 1969, pi. 1). 
They evidently formed before the litiiificatioo of the 
rock HfTTusc the laminae above them are arched. The 
solution of the original anhydrite probably took place in 
interstratal solutions at an early stage of diagenesis. 

Plate II, figure 3, shows a poiltilotopic development of 
silica in dolomite whose external form is closely com- 
parable with the poikilotr>pic anhydrite of Wood and 
Woilt! \!»ee iheir plale iilAl; this form could also 
represent solution of an original anhydrite. 

Armstrong, Mamet, and Dutro (1970) and Armstrong 
(1973) have recorded alga I -mat dolomites comparable 
to that illustrated in plate 11, figure 5. These rocks 
occur in the Lisburne Group in the Sunset Pass section 
(a8A-4A/4B), in the central Sadlerachit Mountains 
f68A and in the Fninklin Mountains (68A 1>. about 
870 feet, 650 feet, and HOO feet, respectively, beneath 
the top of the sections. An intertidal sabkha origin has 
been inferred for these roclts, and the discovery of 
saUdia-tiype anhydrites in the subaurftoe could support 
this coodosion. 

CEtESTITE 

Description. — Celestite occurs abundantly in a 4'foot 
interval of core in one of the wells in which anhydrite 
has bci'n observed and below (he lowest record of 
anhydrite. Two of its distinct habits appear to be depen- 
dent on tte nature of the host rocfc. lliesB are: 

1. Equigraniilar texture with partly interlocking 
crystals as much a.s 2 mm long. The celeblile 
crystals are fircc from inclusions except for 
minute laths of anhydrite, the subparallel 
orientation of which ignores the orientation of 
the celestite. The host rock is a micr(i<i(ilomite 
(crystal size <5 >xm> with scattered calcite 
crystals of similar size. Patches of the host 
contain relic* after a pellet Umestone. but the 
microdolomite between individual crystals of 
celestite parallels the crystal margin as 
though the celestite formed by pushing aside 
the host rocic rather than by repioeement. The 
anhydrite inclusions are probably a repiaoe- 
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mant product after ceiwtito powriWy in re- 
sponse to a alight prevailing atrasa, mm! 

2. Partly dolomitized cxilitc pellet jfrainstone with 
the celestite occupyiriR the intcrgranuiar 
apaoea with poikilotopic or simple poro-fill 
tazturea (ill. II. fig. 2). The dolomite (indi- 
vidual eryetala are <5^m) appean to be aeat- 
ti're<l through the clHst.H but is occasionally 
concentrated as fringes to them. The dolomiti- 
xation oertainly took place after the fomuition 
of the oolite skin but before cementation by 
celestite. In one specimen the oolite pellet 
grainatonc has both celestite and calcite ce- 
ment. Both minerals have a pore>fiU texture, 
and fWHii their relationahip it ia difficult to be 
certain which was deposited first, but an iso- 
lated example of a fringe of sparry calcite 
annuid a grain completely enclosed in celes- 
tito anggesta that the calcito wa« the fiist to 
crystallize. Veinleto croescut the rock, but 
their mineral filling rHithfullyreflecto the na- 
ture of the imm«^iate host. 
Interpretation. — Many authoiB have recorded the 
presence of celestite in minor amounts in carbonate 
rocks (Deer and others, 1966). Evans and Shearman 
11964/ have described anhedral and "rosette" type 
celestite from modern algal-mat sedimenta of the 
TVuclal Coaatof Arabia. Kinsman (1M8a)ieoorded that 
celestite is a fairly common early diagenet^c T^ lnor 
mineral of coastal sabkhas and is most abundant m 
areas of intense dolomitization. In addition, Schmidt 
(1965) haa described both replacement and cement 
celestito in the Gigas Beda of northwest Ctarmany, the 
habtt.i of which are closely camparaMe to those 
described from the Lisburne Group. 

Recent work by Kinsman and Holland (1969) on the 
copncipitotion of strontium with aragonite haa shown 
tihat the ratio of Sr*VCa*> in the aragonite (if other 
factors are equal) decreases with increasing; tempera- 
ture but m independent of the rate of precipitation. 
Kinaman < 1969b) has also shown that skeletal arago- 
nite can be distinguished from inorganic aragonite on 
the baais of the lower strontium content. For example, 
the Sr'^ content of coral aragonite in the Arabian Gulfis 
7,740± 300 ppm (parte per million) while that of proba- 
ble inorganic lagoonal aragonite muds is 9JS9(it 500 , 

ppm 

The metastability of aragonite leads to \ts conversion 
to low-Mg calcite either by large-scale solution and pre- 
cipitation that destroy the original texture of the j 
aragonite grains or by pteeemeal solution and im- | 
mediate reprecipitation on a suhmicrometre soalr that 
preserves the original texture. Stehli and Howcr (1961) , 
have afaown the median Sr** content of Pleistocene eal- | 



cite limaatones of Florida is 1»100 ppm. Although Sr * 
o«mcentratioa« show considerable variation in both cal- 

cite limestones and dolomites (< 1,000 ppm Sr dolomites 
of the Trucial Coast sabkhas (Kinaman, I96^aH, the 
differenceo between these valuea and thoae of original 
aragonite are vary high. These ccneentrations then 
provide pore waters with a high 8r*VCa** ratio aa de- 
monstratt-d by Harriss and Matthews il968i in the 
Pleistocene of Barbados. Kinsman (1969a) suggested 
that movement of diagenetic pora waten gives higher 
Sr- ^ values in the downflow direction 

From this data we infer that the original aragonite of 
both the open-water and sabkha carbonate rocks may 
have been the aource of the Sr^*, and the excess SO* * 
ions may have been provided duringaabkha aritmenta* 
tinn. The downward migration of pore fluids would 
thtn providt; a mtH;hanism for their progressive 
enrichment in Sr-'' until a critical Vttue waa reached 
to allow formation of celestite. 

BARI tK 

Barite has been recorded in only two samples of Lis* 
bum* Group rocks fWim the subsurface. The aamplea 

wore taken within G feet of pach other but in a well from 
which no sabkha-type sediments or otluT sulfate min- 
erals have been recorded. The bante occurs in isolated 
clear porpbyrotopes as much as 1 mm long in both pellet 
grainstone and an inm«rieh wackestone (pi. II, flg. 1). 
The euhedral shape of the crystals and the absence of 
inclusions suggest that the barite has, like celestite, 
formed by pushing aside the host rock rather than by 
replacement. Barite is often a product of low- 
temperature hydrothemal alteration (Dunham, 19i84), 
but no evidence ef this has been found in the Liibunic 
(iroup. 

MARBLE 

Recrystallization of sedimentary limestones (mar- 
bles ) is defined by Spry ( 1 969. p. 1 1 4 ) as "the reconstitu- 
tionof an existing phase which may consist merely of an 
increase (grain-growth) or change in grain shape by 
grain boundary movement or fay ooaleaoence without 
nucloation." Recrvstalli/.ed limestone marble — is 
found in both the wcstt.<rn Sadlerochil Mountains 
(69A- 1 ) and Old Man Creek (69A-4/4K) sections inter- 
bedded with unaltered sedimentary limeatonee. 

PL'RF. r:Ai.cm marblf,s 

I WCSTCKN SAOLCROCHIT MOirKTAtNS SCCTION 

I In the western Sadlerochit Mountains section 
(69A-1). the maiblea are found in the interval 
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1 rtMO- 1 1 40 foot (pi. 2. fig. 2; pi. 6, figs 7, 8> in a discrcto 
uii ii L^i i at 1,015 and 998 feet as thin individual layers 
in I ^1 uded with unaltered fine-grained bioclastic pel- 
let packfitones. These marbles are oompoaed exclusively 
of ealeite. ftut individual anhedral grains show no sign 
of their origin, and the extensive interflngering of the 
grain margins ha.s obliterated any intergranular t>pucti. 
The lU>ric can bo referred to as "granoblastic- 
poljFgonal" (Spiy, 1969, p. 187) and could be the product 
of posttectonie (annealing) crystallization (Turner and 
Weiss. 1963, p. 354-355) 

Three main fabric types are traceable in the 69A-1 
maiMe tone. These are, in probable order of formation: 

1. Coarse grains of calcite with well-developed 

twinning that usually have corroded margins 
and otli'ti occupy the rore of even larger un- 
strained calcite grains. The twinned grains 
are probably remnants of crinold oaaidee, as 
shown by the occa.'iional prR.^ervation of the 
characteristic pore pattern upon which the 
twinning has been superimposed. 

2. Clear untwrinaed equidimenakmal calcite that 

replaces the eariier twinned ealeite. Exten- 
give interpenctration of grain margins and 
lobate triple-point grain boundaries are com- 
mon (Spry, 1969. p. I9);thefraliiaiBtac«ai!tat 
approximately 120°. 

3. Minute (— lOfim) <>quidimenBional calcite 

grains are distributed acro.'is both earlier fab- 
rics but preferentially developed along grain 
margins. 

Figure 21 shows the position of the various rock types 
within the interval 950-1.150 feet, section 69A-1, and 
the proportions of thi' various recrystallizeH fabric types 
are listed against the level of each marble sample. Over 
the section 1.080-1.140 feet, which is exclusively mar- 
ble, the proportion of the latest granulation fabric type 
increases progressively toward -t- 1,140 feet. The 
sedimentary limestones on either side of this tone show 
no eflect of recrystallixation. 

OLD MAN CaeCK SKCTION 

In the Old Man Creek (69A-4/4K) section > pi. B, figs. 
3-5). the modification of the original sedimentary 
limestone texture is not only more varied in its effect 
but also more extensive m its development. The total 
1.500 feet of section exhibits some degree of fabric 
modification in the limestones, but the intertwddad 
dolomites, apart from partial dcdolomitization, appear 
unaffected. Not only are the three fabric types described 
from the western Sadlerochit Mountains .section 
(6SA-1) extensively represented but two additional 
types wsrs notad. Thesa ars: 




Fi< I Ki 21 — Stratignpiiie dlstrlbutiM sT BUtSBMiiliie Urks la 

dynamically recryatalliiBii liiiMrtiiiiM, w wlm i lhHi ir nrTwt Maim- 
taiiu) section 69 A- 1 . The columiw at right show prrcentageo of each 
of three (abric type* developed m Mmpin trout various horiwm in 
tha LiobMRW Grattpk Sac lazt far daaoriiitioii of tfae fiibrk typtt. 

1. Strongly lineated rocks in which probable 

crinoid ossicles have been deformed into ei- 
lipaes with an elongation ratio (a:b) of up to 
4:1. Recrystallization is lacking; the inter- 
granular material of packstonea remains as 
carbonate mud. Thin discontinuous en eche- 
lon veinlets filled with sparry calcite are 
commonly superimposed upon this lineated 
fabric and intersect the lineation at up to 20°. 

2. The twinning of originally untwinned crinoid 

ossieles and roterpenstration of the margins 
with the intargranular apany calcite cement. 

MODE OP ORICIN 

The stratigraphic restriction of the marbles in the 
western Sadlerochit Mountains section l69A- 1 ) and the 
large distance from the nearest known igneous mass 
(Mount Michelson is about 20 miles distant) makes 
nwUmMNrphism alotig a m^jor badding-pluw thrust the 
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Fwuw 82.— GcmrallMd MqumM of dynamic 

tiimsloiMa of the Llainime Croup. 



obvious mechanism lu produci' nuch cxlcahive fabric 
alteration. No thrust was originally noted in the field, 
but in support of the thrusting hypothesis there is • 
marble unit (1,190 ft) that coincides with a marked 

break in ilu- sft-tion fscc figs. 2. T/i and this break has 
been suggested to be lht> contact between the Alapah 
and Wahoo Limestones. A study of the literature indi- 
cates that extensive production ofmarble along a thrust 
plane is not common, but Dr. Janet Watson of Imperial 
College, I'nivcrsity nf London, has suggested to us that 
a similar (but thinner) development occurs at the base 
of the Glaunu thniat in the Helvetic Alps of eastern 
Switzerland. 

In spite of the difTcrences between the fabric t yfH!> in 
the recrystallized limestone of the western Sadh rochit 
Mountains (69A-1) and Old Man Creeli t69A-4/4Kj sec- 
tions, it is possible to incorporate the diflbrlni; fabrics 
into a siriRle mechanism of origin i fips 22 -2i\ The first 
ftage is the development of twinning in the coarse- 
gram e<i element of the original sedimentary fabric, that 
is, the originally untwinnad crinoid debris. The atomic 
raarrangement oeceasaiy in single eakite ciystala for 
poly^thetie twinning is aimple and can aasily be in- 
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FtoVRB 23.— Pitgrammatic iicquencp ol id>T,.imic mt t.i 
UffiwUnieB of the Lmburne (iruup. 

dticed artiflcally either by pressing a crystal with a 

knife in the appropriiite direc tion i.Spry, 1969, p. 85) or 
even during the preparation of a thin section (Dr. Janet 
Watson, oral commun., 1970). Griggs, Turner, and 
Heard (1960) produced twinning in single crystals of 
calcite by deformation. It is probable that twinning was 
superimposed on the coarser calcite crystals 'either 
large crystals of sparry calcite cement or crinoid ossi- 
cles) at the first stage of deformation, and the results 
' have only been preserved where the annealing recrys- 
lalUzation hai nut totally obliterated the early-stage 
fabric. 

When the stress induced by thrust movement passes 
the appropriate plastic field to reach the fracture point 

for calcite. shearing produces parallel deformation of 
the original labricand jjtretches the large gratas. Upon 
reaching the fracture point, the tree energ>' resulting 
from strain within ttie lattice is released by fracturing. 
The residual-strain energy is then gradually releaaad 
and produces a significant temperature rise. 
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Fteuiut 24. — Sequence of cryEtallizBtton in marble oTwction 69A-1. 

This residual-strain energy provides the mechanism 
for the strain-free annealing reerystallization, which 

results in the large untwinned crystals mften including 
relicU of twinned calcitel with approximately 120' 
triple-poiot Junctions. The grain size of an anttealed 
faliric increases with time and with riae in temperature 
(Turner and Weiss, 1963, p. 332). Griggs, Turner, and | 
Heard (1960) have shown that for annealing in a low 
strain-stress field, recrystallization of Yule Marble was 
only partly complete at SOO'C. This temperature, how- 
ever, is not likely to be produced along a thrust plane. 
Buerger and Washken (1947) commented that a min- 
eral will not recrystallize without solvents unless 
heated to a critical temperature. It would appear that to 
obtain the annealed Ihbnca ebaerved in the Lisbume 

Oroup. cxli'nsive fluids must have been present after 
the thrusting episode. These fluids were probably acidic 
and occurred along the intergranular boundaries. 



which would allow piecemeal change of the fabric. Lack 
of annealing in the rarely preserved shear fabrics and 
associated on echelon tension gashes (especially in the 
Old Man Creek section) can be explained by the absence 
of postshearing fluids 

Ttw final stage ol recrysultization is represented by 
granulation of the annealed fiibrie mainly along grain 
margins but also within the grains themselves. This 
granulation is possibly a result of rotation of individual 
crystals. If this dynamic tnetamorphic sequence is 
realistic, then it appears that the metamorphism along 
the suggested thrust in 69A-1 is restricted to the sole 
and is absent from the thruKt sheet itself. 

The fabric changes in the Old Man Creek section 
(69A-4/4K) are much more extensive than those in the 
western Sadlerochit Mountains aectico (69A-1). The 
»g!6 of the Mount Michelson pluton is not onrtain 
(LaOingwell, 1919: Sable. 1965; Reiser. 1970). Although 
no fabric is definitely attributable to thermal altera- 
tion, it is possible that rapeated shearing directly re- 
lated to earth movements immediately prior to and 
associated with emplacement of the granite was the 
major mechanism of metamorphism. The extensive 
interfingering of grain margins in the roclis of the Old 
Man Creek section could be a reflection of thermal alt- 
eration The preservation of shear fabrics in the OW 
Man Creek section sugyesi-s that interstitial fluids were 
localized, in contrast to the marbles of the western Sad* 
lerochit Mountains section. This evidence would sup- 
port a poat-Pennqrlvanian age forthe Mount Michelaon 
pluton. 

IX>l.(>.Mm-S A.S!KX:iATED Wt l II M \Klil K 

Description. — An apparent anomaly in the Old Man 
Creek section is the ateence of obvious stress response 
in the dolomite layers abundantly interbedded with (Hl' 
altered limestones. Two explanations are possible for 
this phenomenon— either (1) the time of dolomite for- 
mation was later than the shearing and subieQUent 
annealing of the limestone, or i2) dolomite responds 
differently to shearing stress in that it can remain unaf- 
fected while calcite reaches its fractura point and be- 
comes subsequently annealed (fig. 25). 

The distribution of dolomite app>ears to be directly 
related to the original sedimentary fabric, and rhombs 
superimposed on a sheared or completely annealed 
limestone fabric have not been observed. Where dolo- 
mite is associated with marginally annealed lime> 
stones, the rhombs tend to lie at least partly de- 
dolomitized; they show corroded edges and internal 
spotty replacement by calcite. These focts saggeet that 
the dolomite was formed befon^ shearinj^ occurred. 

iiode of origin. — If, as suggested in the previous sec- 
tion, cakita and doloniita behave difliBreatly under 
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KicuRE 25 — Possihl? fitrpw-^rain relation of caleile and doLom)te. 
Hole tluit .It ., . i rlii.ri stn-s> u calcilC IMUI ItMtlW*. WhCMM 
doiomiU' will still br in thv clcuitic field. 

shearing strfs>i. n mnrt» Ht>tnilpd discusskm of the rele- 
vant stress-strain curves is lu te.ssary. 

Stress fields are expressed in terms of tluve vectors 
mutually at right angles and termed <n, m, and tn in 
decreaainir order of magnitude (Mogi, 1971). In thrust 
faults the dominant direction nf movemertt is horizontal 
with iri and tn in ihe hortiontal plane and cri vertical 
where «ji > iw > <n. The elastic and plastic fields of 
deformation can be delimited on a atreaa-atrain curve 
for a given mineral under constant temperature condi- 
tions. Mogi (1971 ha.s shown tliat the stress-strain 
curves for calcite and dolomite diverge in a heterogene- 
ous stress field, as they do in thrust faulting, with dolo- 
mite having a higher fracture point and greater ductil- 
ity than calcite. Figure 25 indicates a possible stress- 
strain relation bftwcen i-.iUite and dolomite wI-.kH in 
thrust faulting would allow calcite to fracture while 
dolomite was still in the elastic field, as evidenced by the 
absenceof flow or preferred orientation in the fiolomite. 
This relationship cOuld explain tJw apparent aayaialy 
of limestones that exhibit strong deformation or anneal- 
ing falirics (interfoedded) with apparently unaltered, 
but pirekinematic, doloroites. 



RELATIVE ACES OF PORJUATION OF 
DIACENETIG RATURES 

The preceding sections have presented the evidence 
and discussion lor postdepositiunal alteration of the 
mineralogy and fabric in the Lisbume Group of the 



Sadlerochit Mountaina. Thia aection places these 
diagenetic phenomena into a time Mquenee and de- 
scribes late stape features formed as a result of over- 
burden preiiiiure or tectonic activity (the occurrence of 
marble having already been discussed). No attempt U 
made to reiterate the discuaaions of previous seetiooSi 
and the conclusions are presented without fiirther 
justificatioM. It is often possihle to assess (he relative 
order of the tiiurt of development ol the various diagene- 
tic features, but comments on the relative time span or 
continuity of any pracees are usuall>' conjectural. 

1. The original nucleation of intra^'ranular chert 

within crinoid plates and pelecypod (Va^^nients is 
considered to be the earliest phase of diagenetic 
alteration. Nucleation probably atart^ im- 
mediately upon deposition prior to the conversion 
of original high-Mg crinoid debris or aragonitic 
pelecypod shells to stable low-Mg calcite. In the 
crinoids, dolomite formed as part of thia 
silkiRcation process fh>m magnesium liberated 
from high-Mg calcite This change \va.« prnhably 
coincident with the development ot micnte en- 
velopes from marginal algal boriiiKs immediately 
upon death of the organism. Once nucleated, the 
chert developed gradually until at least after the 
second phaseofralcite cementation has been Com- 
pleted. 

In contrast, the development of "matrix" chert is 
considered to be of direct biogenic origin, and its 
present-day fabric ia related to ita progressive re- 

crystalli/,alion with lime, generally producing a 
homogeneous texture that obliterates the original 
skeletons. 

2. Closely following the nucleation of intragranular 

chert was the development of first-phase sparry 
calcite cement either as syntaxial overgrowths on 
the crinoid plates or as a fringe of fibrous crystals 
on carbonate elasta, such as oolites or pelecypods. 
The >\ntaxia} overgrowths developed preferen- 
tially 111 the direction of thee axis (or axesi ut the 
crinoid plates; these overgrowths acted as single 
ciystaia, by physically pushing aside rather than 
replacing any other carbonate debris. This 
first-phase cement in the Lisbume Group is 
everywhere poor in iron. 

High-Mg calcite debris probably lost its Mg''' at 
this time, almost invariably on a piecemeal basis 
allowing the original fabric to be retained in 

low Mg calcite 

The change from aragunite to iow-Mg calcite was 
generally later than the tranafbrmation of high- 
Mg calcite. Sometimes this change resulted from 
complete solution of aragonitic clasts. The micritc 
envelope and the first-phase sparry calcite fringe 
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provided a strong and prohalily elaiitic coating to 
the resulting void, which explains the scarcity of 
collapsed envelopes. The void was subsequently 
filled with «qu«Qt spany ealdto. probably of tb« 
second l^ase. wbfeh obliterated the original in- 
ternal fabric. W'hvn Ihf icsl <ir skeleton was inti- 
mately intermixed with orf,'anic layers (as in 
fibrous pelCQ^pods and uolites). the replacement 

took place as a result of sinali-ecale solution of 
' aragonite and almost simultaneous rsdepoaition 

of low-Mg cak itc Thi^ process allowed the preser- 
vation of the original aragonitic fabric after trani>- 
formation to calcite. 

3. First-phase dolomite, the next new mineralogical 

form, developed into two distinct types. The first 
type was fine-grained dolomite that formed fit)ier 
as an early phase of sabkha (supratidal/intertidab 
aedlinentation from original carbonate mud or 
from the alferntion of In^oonal carbonate muds. 
The fact i hut most ol the dolomite is rich in iron 
may suggest that the Mg-rich waters that induced 
the alteration were derived from a reducing envi> 
ronment Many ofthese dolomites were sobfeeted 
to ag^n-ading neomorphi.sm thitt [jroduLod <i faln ic 
an order of magnitude coarser than when they 
were originally formed. Associated with the 
sabkha dolomites was the formation of anhydrite 
nodules and celestite. Some of these nodules have 
been replaced \>y calciti-, i>ri)l)al>] y <lurin^; or after 
the development of second-phase sparry calcito 
cement. 

The second type of first-phase dolomit* occurs as 
coarse rhombs, many larger than 200 micro- 
metres, tfiat developed in the grainstone facies 
and only partly replaced the clasta. These rhombs J 
tend to be zoned as a result of variation in iron I 
content; the zoning in turn reftecLs their pirn-cmen! ' 
(brtnalion. The incorporation of iron into the i 
dolomite lattice produced a nonstoichlornetric 
mineral that appears to have been unstable and 
particularly prone to dedolomitization. Iran was 
commonly forced otit nfthe dolomite lattice to form 
a rim around the rhomb now preserved as Fei Oi. ' 
These large rhombs often oecor In intergranular 
clusters that are commonly croaacttt by second- 
phase sparry calcite cement. 

4. The fourth .stage of diagenesis i ['oinciding with Stage 

IV of Land, 1967i wixH the lurination of second- 
phaoe sparry calcite cement, which obliterated 
aqy pore apace available in the I imestonea of the 
Lisbume Cht>up. The cement occupies the inter- 
granular space ^jrid fills thecasts pro<iiieed hy solu- 
tion of originally aragonitic bioclasts. The crystals 
tend to be subeqnant and become ccnaer toward 



the center of the vnid-fill. The pre.sence of enfacial 
juttcliuiib between the first- and second-phase 
sparry calcite cements suggests a distinct time 
lapse between their formation. Th» second-phase 
sparry calcite, in contrast to the first phase, is 
often rich in iron; the addition ofiron implies that 
fluids from which lite ccmunt was derived came 
from a "distant source." 
5. The second phase of dolomite formation fol lowed the 
introduction of the void-filling sparry calcite ce- 
ment. Some of the macrodolomite in the Lisbume 
Group may have been developed during this phase 
of diaBeneaia, but the only positive evidence for its 
existence are the iron-fr«e fringes of dolomite 
around the iron-oxide-rimmed first-phase dolo- 
mite and as an ovargniwththatpostdatasthede- 
doiumitizalion. 

Probably this phase is quantitatively of minor im- 
portance, but on its termination the rocks (except 
the marble) acquired the general fabric and 
mineralogy iliat have persisted until the present 
day. At this stage it is worth emphasizing that in 
the racks in which intragranular chert has de- 
veloped, the final rock type is a function of the 
nature of both the grains and the mtrugranular 
material (fig. SO). It must beemphasized, hovrever, 
that the prooesaas of alteration do not always goto 
completion. 

In grainstoni's. as cliert developed in the crinoids, 
sparry calcite filled the intergranular space. As 
chert developed around the original ntideii, the 
other debris, the Bryozoa (mainly) and the sparry 
calcite cement, were eventually replaced, and the 
diagetu'iic vini product Is handed chert. 
In pacltstones and wackestones in which the inter- 
invnular spaces were originally filled with car- 
bonate mTid, chert developed in therrinnul debri,':, 
but the carbonate mud was prefercnUally 
dolomitir.ed. The chert tended to be restricted to 
the crinoids. but dolomite replaced all the carbo- 
nate mud and the biyoman detois as wall. The 
diagenetic end product is SO admixture of chert 
and dolomite. 

In mudstones where recognizable fossil debris is 
less than 10 percent, the carbonate mud was re- 
placed by dolomite with no accessory minerals, 
ti. The hrsi l.ite-stage diagenetic features were stylo- 
litcs, interhngeriitg planes that almost eertuinly 
fomwd by solution as a respanaa to overburden 
preasvure. The minimum amount of solution that 
took place along any stylolite can be estimated 
from the amplitude of interfingering Dunnington 
(1967) suggested that stylolites develop under at 
leaat 2,500 ftet oTov wburden in the Dukhan Field 
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of Qatar. Stylolites are rare in thin sections of 
Lisbume Group roclu examined for thi« study, but 
H mint be remembered that qn^ a very small 
praportioD ofthe total aeetion mn lamiiled, even 
though Hunplee were taken at S- to I0*fiwt mtei^ 
valfl. The locus of stylolitc development probably 
was preferentially determined by thin clay hori- 
aooB. Plate 12, figure 2, illustrates a Lisbume 
Group stylolite with an amplitude ofO.S-l.S mm 
whose plane is filled with bitumen and clay con- 
taining dolomite rhombs Dolomite is absent from 
the a4)acent host rock, so the rhombs in the stylo- 
lite pnlMbly were produeed hy wry late etege 
Mg-rich Bolutioaa paeeiag alang the plane of the 
stylolite. 

7i The final stages of diagenesis were associated with 
tectonic activi^. Marble developed along the sole 
of beddiag-plane thnistB, and intmslve fractures, 

many filled with late-Bparry calcite, transected all 
other features of the Lisbume Group (pi. 6, figs. 

a-7)L 
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PLATE 1 



Itoun L CMitubwdartic|niiMtone,7<Mp^lJWlM,xeS.TluiiooliUe«k^ 

cmlnit to flgun a, towmwr. Om lMB«qiiaiitdibfto Ihs wMHlkaMting. IVm 

«f «UMr criiwid or tcyoiiwi n dwts. Tht Ibrwnlnifer on tht kft of th» fIcU hm no 

OOUtie coating. Two generations of xporry calcit« cwiMM t MM shown. The (int. a 
flbmua coating perpendicular to the edgvs of the oolitegnillB, iainm-fiwculiito; the 
Moond, occupira the intcnKranular pare spaa*, i» «>quiuit iran-rich calcit* cryaUUs. 

4. Onlitie padHtone and grminstone. 68A 4A. I.IAO feet, k6S. Hw akm of the central 

flolila ia diiplatad Itam tha orifiiial corv . The miter part of tha cora waa praiuinably 
diaaaivad, after which the inm-poar first-phaae aparry oaleito oeoient was deposited 
with a radial fabric on the inner auHaca af the eolitic fnating A fracture then 
trameetod the lower part of the odite and CBuaed the ml itic ritin to be partly ripped 
away from the core. The remainder of the orij^nal core space and the new void caused 
by the movement of the oolite okin away from th« core were then filled with iron- rich 
second-phase sparry cak ii'- irmi iit. 

5. Oolitic grainstoiM*. 68A-4A, l,(JiK.i luut, x66, DevclivpiiTu ntu! LhinooliticcoMtings with 

radial texturi' amund irregular pellet and hi.iila.'itic debris. Two phii.-fri ui sparn 
cakitp ci-mi-ni .iro clearly di<itinKU>f>hii(>li' iir>t, -.tn iron-free SiitiKf uiviuiui Iht 
>;riiins, and st'oind. iin imn-rich phase lillin>; Ihr inliTKranular spncm. 

6. Uioclastic graiciiitone with pelt'cypodh anA br>o/ii;in.'^, 7LIA ^. 1.910 fcel. X33. Frag- 

ment of pelecypod shell with internal divi.non.- pri'SiTVKi by niicntic ;)artitit>nj at 
ri«'i* angle* to Ihv lihell wall Tin- niillitH! of like nhell |ir<-^Tv<tl l>> ,> itinrite 
ctivolope Twi) ^.-onoriilirms ri( s;>nrr>' (.flcite are observable. In the !irN^ pha«'. a thin 
layer of prismatic cdlcite prr^'hahly firvv. to the out^r shell wall tluit was originally 
ar;i>;ii!>ilf, llir ialt>tt- and tile micnii- rnvel(.>|H' >;avi' tlu' sla-ll ..lUlTieiellt Hgidily to 
witli.KLiind nicti[ui(:ticin when tin- rir;j:.'irial aranoniL*- wall dbatt>lvBti. 
The s<s-imd ph.'Lse cement may have enteriri the ca.--t by the upper break in the 
sk«i«u>n wull <\n>ring'** nnd. iii the U'Tt li.ind fuirt i»r the sketeton, appear* to have 
displaoid the purtition.-i from the up)>er shell wail. Hw iaeOBAfhiaa OHMIIt haa 
equant crv5*als that traruiecl U»e shell partitiuns. 

7. Bryo2oan cnnmd KTanLstone, 70A-5, 2.460 feet, x33. He\a>,">nal ayntaxial overgrowth 

of sparry c«lcit« on mnoid plate. Lines of inclusions show ihe protfreitiiive develop- 
tnent of the overgrowth. 
6. Bryozoan crinoid grainstone. 70 A-fi^ 2,430 fret, X 33. Echinodarm qiine aet in a apany 
calcile cement. Probable micrito envelope TIm niowtructinreaf the apinetHuliean 
praaarvad taaa lalt of ftaidL 
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PLATE 2 



Fkuu 1 . Bryozaam gnlnstonc. 70A-5. 2.465 Ux\. x 33. The zoorcia (caviiioa) of bryozoen Tronda 
are completely filled with sparry calcile. 

2. Bryoioan grairutone, 70A-5. 2.070 feet, x.l.t Well-packed asaemlitage of flliiaiate 

bryoman Tronds whose xooccia are filled with Kpanry calcitf cemant. 

3. Dulomitic bryoznan grairulone. 6BA-4A, 1.260 feet, x&S. The bryocoan zooccia arc 

filled with carboTVBle mud m which dolomite rhombs are developed. A pelecypod cast 
(lower right ) haa been enckwed by a mkrite envelope and wfiaoent lo the •bell wnll 
the internal testuie of the tpnty caJdt* is priMnaiie mi bMuiiM eqiuDt in Uw 
center. This U'^xturv it typical of depoattkm from solution 

4. Rryozoan Krainslone, 68/Ul, 1,182 liMt. x65. Larxe fruKnivnt of a bryoman frond in 

whicfa tba acantlio|RMFM (intarwall ipecM^ are filled with apany caldta eamant but 
the aooada are lined with airi a i u a te mud with a centndi daialopnmt af qmiiy 
cdhdte,{ifDlwhlyarii«anoipMearipii.1)wflMe«rthea|iaRxcdcM^ 
Ini paMiMy iMtn afltalad by ttw oifnie iMltir arising 

& Mleradoloaait*. 70A^, SjOOO hat. xW. Bryoaawi ft«gmMita*t In a mioradQloaalte hnt. 
The BNiaeiB an iUad with apanyaieilB. IhaBicnidolamite ia imifaafaljaf vatraaiiy 
dinpaMticaclfiii %iit fwwi wrfr wylnocd tha biiyoiMii ftisHMOt to j^^fufi 

«. Bwdaitic micwdotomfte. 1.100 feet. bdividniJ riw^afdatowiiaai* 
alataiadlgr i ran 0Kide.The<kkiniUaliiioat carta inly re|»lawaeTiginalcakiteinud but 

7. tMamitic crinoid brytnoan pwlutnae, tUMA, Md hmt, xSS. Shonl 
(MOHfuitt waWctad la tha caifcoiwto wwidiiinrtt nd aurtdtwdty iwBi 

5. Momitie biyamn pMlcatan*. HM-l. 797 Aat, »tOO. BuyMow fronda fiiiad with 

an bou-iindeaDDetimaid the outer maiigin parallel to the ihoi^ 
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PLATE 3 



1. Bioelaatic Kraiiuitane. 69A-4. 1160 It, x6S. Bryozoan Tragmenta set in »pany caJcite. 

Original dolomite partly rvplac«d by calcite in rhombe outlined by iron oxid««. 

2. Macradolomite, 69A-4, 940 ft, xeS. Macrodolomit* vnth yellow (phos|]hatic?) cores. 

and compound vein with ooorsety cryi-Uiilmedokimitf at the center and quartz on the 
edge* Thi^iiampletUK^ts that u fnu run- finti w;i.s fi Hod with quartz and upon later 
dilation whs fillod with dolomite. 

3. MacnxlolomiU'. 70A-i. 15 ft, x65. Anhedral macrodolomite with inlergranular 

hematitic cliiv 

4- MacrodolomiUs crottavi mrols, 69A-4K, 145 ft beneath baae of Lishnmf Oroup x80. 
Anht'dral graina of macrodotomit* with no intergranular poTOsity 

fi. MM;rodolomite.sub»urfare, -siJ A hr>aio«n (stained by Alizarin [Ufi Si «•! in a mairix 
of microdolomit« The ztxjecia ol the hryozoan are largely lilled with dolomit* and the 
Mtemal margins are partly replaced. Traoea of unreplaced bryoiioa that are acat- 



ter. 

Macrixlolumitf TOA 720 feet. x65. Anhedral macrodolomite wilbj 
'fitiiiti«i by fHitii.tsuim I'l-rrteyanlde) and latpr iron.ftw rims. 

7. Miicnxiiiloniitf, "OA -i. 12.') feet, x65. Macmdalonutc rhfimht^ with dou4]r< 
dear rmus. The oorea tend to be iron rich .uk) Ihi- niiiK mm [^»«ir. 

8> Microdolomite with clot of iron oxide, 69A 1, 59:i foot. ■ 65 In t he bulk of the rock 
imlividual rhombe arf Trmed with a cloudy iron-nch cv>rt and an iron-poor outer zone. 
In coiiLr.i.Ht. thf rhnnitie^ within the eliit }i;ivi' an intfmal ,'x^r\t^ of in>n oxidt- (^ari^Ilnl to 
the rhombic face*, and the dulomit« i* iron poor. The iron oxide* m itu: clui inaiy have 
originated from an original unstable iron-nch dolomite, whereaa outside the clot the 
inm-rich doloimte em ha* renwinad ataW« and iroo ondea are afaaenL The oiitor 
inm-ftwdoloaritefVPMntobcftabiqnitiiwkAwiiliMen 
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BIOCLASTIC GRAINSTONE. MACRODOLOMITE, MICRODOLOMITE. MICRODOLOMITE WITH CLOT OF IRON OXIDE 
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PLATE 4 



FnuH 1. ltocwJal«Bte,8»A-l.a7>ftt x68. Zamdilwiwteaf niewJolainto with Iiihit I otMc 
imtoild*. 

2. Imi*iMdidoiirito,69A-t.60liMt. x3S. Topical viflwlUiuti^^ 
iMtMonilMny ealatewn«iift ((bove) ud 

Hi R4ok«nitt rimnibiittli •iaMomUimi iM»«rcaleite pmlM to the rlwmb Awn, 
and ImMfflimy bdnr i»aa inn-rkfa duknH* with no appuvnl lOMtlan. This 
tMhtb IBII* afaatly dbknito M lUi in inn ouda. 
a, ft. l)alDHdtkUad«ticfndii«lm,«A'l,4BBlM^ 

dlf<dwitliim«sii*.AIiNBiQneor«ilcilitit4miopadi»ii^ 

rtiambi and paiallcl to tha rhomb ttcm. buwr {Mite oTriioinbs art oommonly void, 

pubMy batUM of niwrtirinliiiniHirntinii ariulian. 

4. BiaeliHtk|niiiatiina.«8A-I,3ai>ftci x6a.Thtlried«toluw«thin 
emn afdoloHute <iibo«n w • white rim) Imad Iwloi* tho apany calete 

K. IMiniiHieUodMticfraiiiilom.6ll!A-l. 4fift ftat. x6B. SeaUand InMtsramilar dolo- 
mite rtioiiil», aacb of which b rimmad Iqr lim Muds. Cakit* aimaa iiaar tl» 
adgaa and paraiiel to the riuMnb facen were piaduccd lijr dedolBniitiiatinin . Centcnaf 
rhwalw are either void or contain partly diaaoived dolomite- 

7. Dadakmite. eOA-4. 330 r<i<«t, xM. Gomdad macradalomito rhonib with outer dark 
aone replacsd by sparT>- caldte. A caleite-ftlled veinlet partly trmwecte tha rhomb. 

fi. Early dolomite. 69A-1. eo feet. x33 Iron-rich dolomitr and partly dedolomitijad 
rhombc> Rurrounded by later apart}' caicite cemenL The margins of the dohmiito an 
Kurmunded hy pyritt- thut probably fOTited aon midi» allor the npUKamcntof 
inm-ncb dolomite by colcite, 
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1. wffiit.plumi pnlnrilliH light. Stained by Alizarin Red S. Rhombs of dolomite set in Bparry 
calrite cement. The white zones parallel to the original rhomb face* are calcite 
idedolomite). OvM^srowth* of homogrneouit dolomite occur in two slogw pwalltl to 
tb« line of int«rwction of (he rhomb Choi. HmiMtitaiadavriapad iniMtdM^ MNDwal 
the edge of the origi no I rhomb and indiidad vitlnB tin wtg i umt li, anil athm on tfaa 
•ultr ii4gM of tha ov<ergrowtlu. 

i. Ka2, 1 null DiBulf. Stained fegr Alisarln Rad S Same field mt above. Tim original rhomb 
extingnUmiiiquadnnltiBoaiMinuitywithtlwa^taeaiitdolamitaovaicipo^ 
dedolomMiMl cakila uum tn af diflacant aptiaal anaotatian thas tlia aamnindiHg 
dolomitAi 

8. hrtCTpratatiaa af tha <ald iipmaantad ty 1 mi i ahw. Tht oytital coittimUty aCthc 
doloaaitawvwrgnaAli arftb Ihaa^MiM quwhaMaftlktMrifiMl MamiU tfawnb but 
which to toda p a n da irt of tb* trfanlatkn of the JaJalndtitiiiad wMa «f cdrito it 
aaaatdtiad avidanea that deJolngiitiiatiiin took placa fhar to the OT ai g ii wI h. 
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PLATE 6 

FUtiu 1. Bni!laatkinudrtiine.a^*-l,39QCMt,x«6LCriiiiiid|^ 

CKlcitc nkmpw. In the emtcr of the DM « crimid plale h« undnyoM gratn 
diniaiitim, MpaeWljr the orfglml ouIUim ml 1b a etnUal "cfaamMl." Acymiit lo 
right lidaer the etiiiiid ciiiwid pikate k dear ipeny calcitB thet prahehly 
npmenls a tolie of the oriBinal qntaidal weni eai l h. 
2. l^llatmtndeBtgiaiBelone,7DA-B.XJMSfeet. Ahighpnpertianefthegiam 
shear )ieteniC(i**M>*intcn)al teituicandatliratglaaeetliqraightbeinteipnledae 
either icwortwd OMtacMte mud er pdMatffical orighL IM the enter «r the Md. 
however. • eriaoid plate durns muxiiud pain diminHtiiai. which aeoaunt for 
thenrigmefethergiaiBetibra«ewple,thepeH<!teariatwriaete>a>iw»ethe)waw^ 
grnia diaiiautien hee geiw to completieii. Tew phaaie ef epany eakite can be eb> 
ecwedt 

& Sbeawd llmeetone. 1 JOfl feet. Mte.atiaBg parallel Itneatiener^ernrcalcile 
pede and micrite. Thfai etnictuie afanoet certainly oriKinaied (egai eliyailm, but 
evideiiceoraniMaliivieaboent Stylolitcs in thui rock nr«-iiu|i«riinpeeedanUieehear 
Tabrk. S|wn> calcite v«inlet» IrHnm-cl llu- slwur fabric at 70' 

4. She«r fnbnc. maiMe,69A-'i, I.IJIO fwt, x65 Shear fabric interrupted by a senes of 
(ransvenie displacements, in a sparry calnte crystal (probably on(;inally a crinoid 
plate >. 

6. Sheared limeslone, 69A-4K. 90 fwt Mtrv hane of Lisbume Group. ^65 Shi nml 
limentone with «rKillaccous laminat <itu! siMlli n>i t<>i<r-.c (xi^ < l sparr. ch1lii< 

6. Marble. 69A-1. 1.015 fpet. xBS Larijedu.-t v '.■.i. mm-d caiciU-c r^ ^tuls ri-|]liict-J by a later 

stage undclbmu<i cli-.ir cjk itf cr v.-tal Thi- mar^'iii.- ..>r mJiv uiu.il cry-i.iU .irecrenU' 
lated. "Hie clear crystal pnrit'iit.'ly a pnwluft tt'. amuMljnx [tu-lanior;)liisi:: 

7. Marble. G9A-I. 1,090 feet, xSS. F.-irly Iwinniil l iih il.-. lali-r ^nru ituu-;! rale proha- 

biy formed by tinnealini!, and miru.r >:rain rlmiin-jfur ;iliin^' th<' cn-i.il binini-ijr:i's, 

8. Mari)i,- KMA 1 Itvl. • A.l Uiry-i' unrv.inni-d rr^slals .>r Lalc.;i- of prv.l.able 

nnrvcalvd ongin with extensive interpenetration of grain margins and grain diminu- 
tion eDHenlnted aleaf the nivor fniB beOMlwiea. 
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PLATE 7 



a» btepnliitiaB. Far dJMuarian MB action on 'Tine «f<^^ 
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SbQUENCE OF DIAGENETIC EVENTS 
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PLATES 



Itaimi 1. Chert. fl8A-4. 340 ft. x80 Chert with ghceU after sponge spicules. 

S. StlioBOiu lime-mudstone, G9\- 1, 15 Teet below base of Lubunie QnnipenMBBd nioDla, 

x6A. CasU alter pelecypod* infiUed with diert ahowiRgwriy radial and Anal aquaiit 

Utnie thai probably iadicaM dipMitioa tnm Mhitioii. 
S. MicndtlainitF. 70A-4. 1.M0 ftat, xia. 8|mbc* tkiOm frtmmi in dMit In a 

Biatrix of miciadolaaiite. 
4. Biysioail Crinoid padnUme and grain-itone. 6AA-4A, 990 feet, x.33 The bfyoaWB 

mwia (eavitiai:) an patchily fllM with and nplaoad bgr chert. Hie apanjr eaicile 

that alM filb iHitB af the onHtiM ia aniidMd in ina pnlHdily MavM^ 

nplaoad c^leitfc 

Si. Ci ta i f aMi»di « ft,WM»'l.8W)fcat> xa8. Biodaato of bryowoan and craiaiddaliriaaatiBa 
niatrixaf dwit. Maigiiwl nplaeaiiiBiitardiebNdamiaavidcntbul ro intrac^ 
lar chart waataeofdad In tWa ipadinan. 

t. Matrixchart,6aA-lB.WIM.xa3.Matrtediart«ilhinlaimaDa(|iDaJflsm 
iadudedbiodaata. 

7- Chen, TOA-A, 1^ &et, xM. Suhedral and partly eonndad daloatite riMmfaa aet in 

chert that la cut ty a iariaa aTaabpanlM cncka. 
& Cfaan,7i(UM.1.186ft«t.x33.Cbartcanlaiaiii(«iihadialaadoonodcdniaa«do]«imiia. 
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CHERT, SILICEOUS UME MUDSTONE, MICRODOLOMITE. BRYOZOAN CRINOID PACKSTONE/GRAINSTONE. 

CALCAREOUS CHERT, MATRIX CHERT, CHERT 
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PLATE 9 



FkOUn 1. BioclaxtU: wackcstone. e9A-l. 1.30S feet. x65. Chert dive:opL<l within a tiriniMd 
cnnoid plate and its overRrowth, both set in b carbmnu- mud m;urix. 

2. Crinuid bryo/aan i^ainiStone, (>SA-4A, 95*' ri-< i, • ( lii-ri muli u-s that devcloipcd 

within cnnoid oniclc and obliterated the pore iNittvm The central canal of the 
ODBicIv is still visible (just above center of right edge of held >. The sparry calcitv 
surrounding the ossicle is a good example of a ayntaxial overgrowth. 

3. Bioclastic microdolomitc. 68A-4A, 1. 1 00 feet. x65- Crinoid pJat* with intrajtranular 

development of chert set in micnidolomite. Irnn-rich mai-TrKtntnmite rhombn de- 
veloped at the chert -calcite interface- 

4. BiyoKwn crinoid pucJutOM, SSA-IA. 1.625 fit-t. x33. Cnnoid plate with gynlaxial 

ov«n'^<i>wth of spany alette and a patch of intragranular chert. A rDactian rim of 
iron-rich dolomite oocura within the chert ai thf cluit calcite interface. 

5- Bioclastic packstone,69A'|,388ftet, >^iS viknI rt.i^jvienl noM' alnMwt onmpl«U]y 
intMTially rcplucvd by mlmgranular chert The onginal curved growth-pattern tf 
tha priecypod is preserved in the chert. The crack on the right side of the photograph 
ia restricted to the chert and i» prohaWy a icwlt of dchydratian «f pDraUanite. 

A. Kodastic packstone. e9A- 1 , 1 329 IkM, xdS. tatncrmultf dwrt dmlapad in crinaU 
platt niih «Mli-pnwTvad pmra pattern. Cariiimato mttd matriii. 

7. HaikilnMil*, KKA, IfitO hut, x lOQ. latwynulTrfaiiiiilia in a erinnid packatmiew Tha 
laqp oBobnl ihonb koidy naisiBany npiaced tor eakite, bnt the ihiiDh 
and tha timwlwl gntin thaw center haw been cowiplalaly wplacaJ ty Ihi a - y inad 
oalcita. 

& Bladaitk gntnalana, aiibaariiHt. xfiO. Crinoid plate with wali-dewlapad micrito m- 
wabpe. Rmmiinifeim (IcftI aad BiyoaM (right) alaa pmant Pitat- and Mmd-atagn 
«pany odcite cement ai« well deiNloped. Within the crinoid plate are chert paAehce 
eurminded hy pin^nt aw wole a of dieit in ealcite tenly notieeaUe wider cfnaied 
nicala). 
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PLATE 10 



Fiouax 1. Chenwddotomitr. Huhsuriuc«. x60.UliaetBlructuras<]fmnoHlfTBginent^mchertBet 
in a matrix of nuLrrxintnmite. PnnnimtiM rf fwcf orjgiwl |HirN«rcriiigid pblaa 

itt particularly nott wurlhy. 

2. Chert dulnmil*' «;ub^urt;icr. • GlinsI si riicl'ir<->« nf ttiolliisk .iriH cririDii! Trjig- 

n>cnt>^ d<'>.*clnjx>(i in rh'_'rt imd S4.'t in i\ ni.iinx nt mirnMjnloniilr Thi- nnk f;iliric 
SUgf-'CHlH '.hill this n>i:k onginully a hitKrliistK' iiiirkstimr' in whicfi I he b.i" lusl-v 
have inxa largely replitc^d by chert whilo the inUTi.T-inuhir ciilcitf mud has hwn 
replaced by dolomite. 

3. "Osii^ta" i;nkint>tone, 6RA-4A, ! S7ft Ut-x. ■ H.'> ("rimnd pNiLi- rontLs :undi«u« for 

'X)mgia " Individual cusjilikr ^^niwrh rorms r'.nw pn.-s<_TMHi in cht.Tl 

4. "Oaagta' grainatttnr iiHA-A,\. l."}'^.) ffiL ■ to Hryoj^oan Iraj^menc lomu nucleus for an 

"Xhagta" grain Cusplikt- ^irowth lomu- oCOmi^'u:" now lari;ely preaer^'ed in chert. 

5. "Omgia " grainstone. HubHuriai^e. x 6l>. Oiminund graintt «f 'tMqf io" developed aramtii 

a bioclastic core and itet in a sparry calcMa ftlTlimt Hm oailMnt has an im^oor 
fringe and a lat«r iron -rich pore All. 

6. Argillaceous limestone, Dubsurface A variegated bioturbated wackestone and 

pack&tone. Crumid debria ia abundant, {inwrtiiid in chert »t the tap of the apecunen 
and pretterved iiiciJtiteatthelMMe.EwBptlbrwpliiciiiKCTtoMi>dwrtiiiibicntl>wH 
the matruc. 
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PLATE 11 



Ftoias 1. fiwUe, aubnuiface, x3S. Buhailnil prim of Wite (b) d wdopt d iniafipaiiiilw 
cencnt in pellet grainatooe. 
i. OtlMtM».MfeturtiM, x33aviMdtticalK.RDatilaliiMariMtita<wliito)oi]ni|vxiiBd^ 

inlargnaialarpim^panMfapallMgniBslm.T1ie4pikii^^ 
a. MaBDilaliiaiitB, M>Ar«, JM. X9S. Zgnid dotonite ilNnta mi peiMtoMple 

poljwqiitdlteqiiartc (eanteKTlM ntmid morplMl^ 
to that «r tb» otiginil anhydrit* ndduto. 

wiaotatiaB of imlividiMl latlw. 
6. LwniiMinJ dolomHe, mbwirfiw. NoduiwtnlMilTMM4«lcilWBttt.Thm iwdiilwpwb*- 
My were originally fnmpnwui af anhydriu and fcmwd p«tor lo l ithMlf ■ ttwi . Thiy m 
lined with a l-nmlmwrnf "cherty" silica ■ndlalBrlUM with ■parry caldtoiianieiilL 
Theiiparry calcitodoM not completely All themdule ipnee, and prcaefvationof fnod 
ayiinl tvrminaiioru on tha calciu "'Bg**** that the nodulf wai attoa tinwa vodd 
BUibwquenlly iiifilliillij liiiHiBllii iiaiiili aliilw Aliniji ilj liililHliaiaaiUBHiaiiailuda 
Tha laminatiMia are probfibly of algal origin (algal maU) and, togatliar willi Ilia 
'VHdwdrite" nodulex, a product of «abfcha Mdiroentation. 
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PLATE 12 



fntnt LStyloliU-'i ti9A 4 2S5 feet, y65. Network of bitumen-filled stytolites. each of which 
tends to follow the outjineii of the crinoid debm. Dolomite rhombe are concentrated 
along the «tyloliUw 

2. Slytolito, 68A-4B, *aO fMt, x6& Bttumen-lillied Mylolile » pellM pwkatoM. 
iUdiadnl dokmiM to vnMBt wMdBtlM ttyMitftbutabM 

8, BiadMUc|iadcrti]oe.e»A^l.bMariUyakahd«.x«6.a))any-Mle^ 

(MibvKrtioa) diiplMed kr • Iwlv a^Mit*. 8» «w <wcftied). tlw p ala wi dMt 
(rightHt pr awmd i m| M y I J «ycil»iiilh » jhigr fifcricrt il»—ii iw p iw ing 
inlft«B«qiiaiil Mbrie. ftbric ■ImortMrtahUy flwiiwd by tlieiiililliii(oraentfei)r 

4. Pnctarw. Art, kSS. PbralM IwiriiM flnMliiiw filled wHtk ipwiy 

& Bty»«B«iig»> toB laaa>7BlA-6.8jOtO<MCxaO^ 

INwnNnlNa4itritalegii«iiivp«i«nttotliMay«taltwl^ 
Vi. AiiiltoMoyt WMtotHw. TIMM, 190 fcet. xM. SubpMilM ItmiwitloH «if fee utefe 
tMidk (ft Iw IntMrapltd bisir UoclMla; FMbiMy tfwand* 
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